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From early embryonic development to adulthood, GABA release participates in the construction of the
mammalian cerebral cortex. The maturation of GABAergic neurotransmission is a protracted process which
takes place in discrete steps and results from the dynamic interaction between developmentally directed
gene expression and brain activity. During the course of development, GABAergic interneurons contribute
to key aspects of the functional maturation of the cortex in different ways, from exerting a trophic role to
pacing immature neural networks. In this review, we provide an overview of the maturation of GABAergic
neurotransmission and discuss the role of GABAergic interneurons in cortical wiring, plasticity, and network
activity during pre- and postnatal development. We also discuss psychiatric diseases that may be consid-
ered at least in part developmental disorders of the GABAergic system.Introduction
GABAergic interneurons are the only source of GABA and the
main source of inhibition in the mammalian central nervous
system. Depending on the brain region, they constitute 10%–
25% of the total number of cortical neurons, where they play
a crucial role in controlling and orchestrating the activity of pyra-
midal neuron assemblies. GABAergic interneurons are extremely
diverse in their morphology and functional properties. At least 20
different cortical subtypes and 21 hippocampal subtypes have
been identified (Fishell and Rudy, 2011; Klausberger and Somo-
gyi, 2008). Interneurons can be broadly classified according to
at least six different criteria: (1) morphology of soma and axonal
and dendritic arbors; (2) molecular markers including but not
restricted to calcium binding proteins (parvalbumin, calbindin,
calretinin), neuropeptides (e.g., Vasoactive Intestinal Peptide
[VIP], neuropeptide Y [NPY], reelin, somatostatin), and receptors
(e.g., 5HT3R,mGluR1, CB1); (3) postsynaptic target cells/subcel-
lular compartments; (4) area of origin and transcription factors
involved in subtype fate determination; (5) intrinsic physiological
properties; and (6) function in the adult brain. Since there is not
a complete correspondence between the different classifica-
tions, it has remained a challenging task to come up with a clas-
sification spanning all categories and this is still an issue of
debate (Ascoli et al., 2008).
The origin, migration, diversity and functional roles of neocor-
tical and hippocampal interneurons in the adult brain have been
the focus of numerous excellent reviews (e.g., Fishell and Rudy,
2011; Huang, 2009; Klausberger and Somogyi, 2008; Marin and
Rubenstein, 2003; Woodruff et al., 2010). Here, we will describe
the essential steps of the maturation of GABA signaling and will
show that the functional maturation of GABAergic interneurons
shapes cortical oscillations, plasticity, and synaptic wiring during
the course of pre- and postnatal development. Sensory inputs
and cortical activity, on the other hand, provide a feedback
mechanism to dynamically adapt the maturation of interneurons
to maintain network homeostasis. Finally, we will highlight388 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.studies showing that improper maturation of interneurons may
contribute to the etiology of neurodevelopmental disorders.
Protracted Development of GABA Signaling
Protracted Maturation of Cortical Inhibitory Circuits
An important feature of the development of GABAergic system is
its long duration. The generation of interneurons largely overlaps
with the generation of excitatory neurons but the site of origin of
the two cell types differs. Murine pyramidal cells are generated in
the ventricular zone of the dorsal telencephalon from E11 to E17
(Mitsuhashi and Takahashi, 2009). Interneurons are derived from
the ganglionic eminences of the ventral telencephalon. While the
generation of medial ganglionic eminence (MGE)-derived inter-
neurons in mice commences around E9.5 with a peak at E13.5
(Miyoshi et al., 2007), interneurons start to be generated in the
caudal ganglionic eminence (CGE) at E12.5 (Miyoshi et al.,
2010). At prenatal stages (E14–E19), GABA-positive cells can
be observed mainly in the subplate, marginal zone and subven-
tricular zone. They disappear from these regions between P0
and P8. GABA immunoreactivity is present at E14 in the cortical
plate but exhibits its mature pattern only postnatally. By P16–
P21, the pattern of GABA immunoreactivity is similar to that of
the adult brain (Del Rio et al., 1992).
GABA is synthesized by two isoforms of glutamic acid decar-
boxylase (GAD), GAD65 and GAD67. Both isoforms are present
in most GABA-containing neurons, but GAD67 appears to be
distributed throughout the cell cytoplasm, whereas GAD65 is
specifically targeted to membranes and nerve endings. It has
been suggested that GAD67 preferentially synthesizes cyto-
plasmic GABA, while GAD65 ensures GABA synthesis destined
for vesicular release (Soghomonian and Martin, 1998). The
development of GAD65/67 expression is thus a good indicator
of the maturation of the neuronal capacity to produce and
release GABA. In the rodent visual cortex, the levels of GAD
immunoreactivity gradually increase until puberty (Figure 1A;
Huang et al., 1999; Wolff et al., 1984).
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Figure 1. Maturation of GABAergic
Neurotransmission
(A) Maturation of selected GABAergic markers
during postnatal development, i.e., GABA levels
(Coyle and Enna, 1976), GAD activity (Wong and
McGeer, 1981), VGAT expression (Conti et al.,
2004; Minelli et al., 2003), GABAergic synapses
(Micheva and Beaulieu, 1996).
(B) Functional maturation of interneurons gener-
ated at E14 in the caudal ganglionic eminence (Le
Magueresse et al., 2011). Please note that P0 in
graph A corresponds to E14 in graph B. Other
subtypes of interneurons may have a different
pattern of functional maturation.
*GABA levels are from whole rat brains. AP, action
potential. IPSC, inhibitory postsynaptic current.
EPSC, excitatory postsynaptic current.
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specific high-affinity, Na+/Cl dependent transporters. Four
genes encode GABA transporters (GAT-1, GAT-2, GAT-3, and
BGT-1), two of which (GAT-1 and -3) are expressed in the cere-
bral cortex. At birth, GATs are expressed at a low level (Fig-
ure 1A). Adult levels are reached progressively during the first
postnatal month in rodents (for review, see Conti et al., 2004).
The differential maturation of the inhibitory versus excitatory
systems is also reflected in synapse number (Figure 1A).
GABAergic synapseswere identified as early as E16 in the imma-
ture rat neocortex, primarily in the marginal zone and the sub-
plate, while glutamatergic synapses appeared one day later at
E17 (Konig et al., 1975). Furthermore, quantitative evaluation of
inhibitory and excitatory synapses in the macaque monkey
visual cortex demonstrated that at fetal stages inhibition
is more prevalent than in the postnatal brain (Bourgeois and
Rakic, 1993).
GABAergic synaptic responses in rodents can be recorded at
late embryonic stages (i.e., E18) in the mouse neocortex (Ve-
rhage et al., 2000) and rat hippocampus (Hennou et al., 2002).
Interestingly, the proportion of pyramidal cells receiving
GABAergic spontaneous activity at E18–E20 in the rat hippo-
campus (12%) is far lower than the proportion of interneurons
with inhibitory postsynaptic currents (IPSCs) at the same age
(65%) (Tyzio et al., 1999). This may reflect different birthdates
of pyramidal cells and interneurons and/or differences in the
time required to establish GABAergic synapses in the two cellNeuron 77types. The latter scenario is more likely,
since the generation of pyramidal cells
and interneurons largely overlaps in
time. Moreover, grafting immature inter-
neurons from the CGE into the postnatal
cortex showed that the maturation of
their GABAergic responses followed
almost identically the maturation of
GABAergic responses of similar neurons
generated embryonically (Le Magueresse
et al., 2011). Thus, the appearance of
GABAergic responses does not depend
only on a mature ‘‘presynaptic compo-
nent,’’ that is the presence of functionallymature GABAergic fibers but also on the ‘‘postsynaptic compo-
nent’’ that clearly reflects a predetermined pattern of synaptic
formation during dendritic development (Figure 1B).
The frequency of spontaneous GABAergic postsynaptic
responses increases progressively during the first month of life
in rodents before reaching a plateau, reflecting the increase in
the density of GABAergic synapses (Luhmann and Prince,
1991). Such a gradual increase is also seen in interneurons
grafted in the postnatal cortex, indicating that it largely depends
on the establishment of synapses by the grafted neuron as
dendritic maturation progresses. GABAergic and glutamatergic
inputs are established in a sequential manner in interneurons
and pyramidal cells, with glutamatergic spontaneous currents
appearing a week later than GABAergic currents in the same
cell type (Le Magueresse et al., 2011; Tyzio et al., 1999).
Maturation of GABA Receptors in Interneurons
and Pyramidal Cells
Fast GABAergic responses are mediated by GABAA receptors,
chloride-permeable pentameric channels composed of an
assembly of subunits from eight classes of subunits (a1–6,
b1–3, g1–3, d, ε, q, p, and r1–3). Although receptor composition
differs across neuronal subtypes, subunits most often assemble
with a 2a:2b:g stoichiometry. The GABAA reversal potential
(EGABA) is primarily determined by the chloride reversal potential
of the cell (ECl). ECl depends on the intracellular chloride concen-
tration, which is set by the opposite action of the chloride
cotransporters NKCC1 and KCC2 that are involved in chloride, February 6, 2013 ª2013 Elsevier Inc. 389
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expression in most neurons is delayed compared to NKCC1
expression, resulting in chloride accumulation in the cytoplasm
and an EGABA greater than resting membrane potential (Rivera
et al., 1999). As a consequence, GABA is depolarizing in most
immature neurons, at least in acute brain slices. KCC2 expres-
sion in the forebrain begins around the end of the first postnatal
week and renders GABA hyperpolarizing (Ben-Ari et al., 1989,
2012; Rivera et al., 1999, but see Bregestovski and Bernard,
2012).
Neuronal precursors express GABAA receptors from very early
stages onward in the immature brain. In rodents, GABAA recep-
tors are present in neuronal stem cells (LoTurco et al., 1995;
Owens et al., 1996) and migrating neuroblasts (Manent et al.,
2005), well before the formation of GABAergic synapses. The
composition of GABAA receptors in cortical neurons changes
during the course of neuronal maturation. In the rat brain, the
expression of a3, a5, and b3 mRNAs starts at late embryonic
stages and peaks during early postnatal development. As the
transcription of these three genes decreases, expression of a1,
a4, b2, and d gradually increase during postnatal development
in cortical neurons. These subunits are predominant in the adult
brain, together with a2 and g2, whose expression remains fairly
constant throughout development (Laurie et al., 1992). The
developmental change of GABAA receptor subunit expression
is paralleled by the decrease in the decay time constant of
GABAergic IPSCs (tIPSC). The gradual decrease of tIPSC in
MGE-derived parvalbumin-expressing (PV+) fast-spiking (FS)
neocortical and hippocampal interneurons (Doischer et al.,
2008; Okaty et al., 2009) takes about 3–4 weeks until IPSCs
acquire their mature properties. We reported a sharp decline of
tIPSC in CGE-derived 5HT3R
+ cortical neurons, and in SVZ-
derived 5HT3R
+ cortical neurons (Le Magueresse et al., 2011).
In cortical and hippocampal pyramidal cells, a similar speeding
of IPSC decay was attributed to the upregulation of a1 and a4
and downregulation of a3 and a5 GABAA receptor subunits
(Bosman et al., 2002; Cohen et al., 2000; Dunning et al., 1999;
Hutcheon et al., 2000), suggesting that the switch in a subunits
may be a universal phenomenon in all cortical neurons. The
increased expression of a1 with age in both rodents and
primates suggests that the progressive decrease in the decay
time of GABAA receptor-mediated currents during development
is a conserved feature in mammalian evolution (Bosman et al.,
2005; Hendrickson et al., 1994; Pinto et al., 2010). The develop-
mentally regulated subunit-specific expression also has func-
tional implications in terms of both physiological properties
and receptor targeting. For example, a1 is uniformly distributed
in synapses over the axosomato-dendritic domains but a2 is
mainly located at the axon initial segment (Klausberger et al.,
2002; Nusser et al., 1996).
GABAB receptors are G protein-coupled receptors and
regulate inwardly rectifying potassium channels and calcium
channels (Kaupmann et al., 1998; Ulrich and Bettler, 2007),
thus hyperpolarizing the membrane and shunting excitatory
currents. Ultrastructural studies demonstrate that GABAB recep-
tors are mostly located at non-synaptic sites (Kulik et al., 2003).
GABAB receptors are expressed in the embryonic rat brain in
migrating immature interneurons (Lopez-Bendito et al., 2002).390 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.GABAB-mediated somatic responses to baclofen applications
can be recorded in the cortex of neonatal rats, and these
responses increase until the middle of the second postnatal
week and remain stable thereafter (Luhmann and Prince,
1991). Expression of different isoforms of the GB1 subunit
(GB1a and GB1b), and thus the composition of GABAB recep-
tors, changes during postnatal development (Fritschy et al.,
1999).
Maturation of Interneuron Morphology and of Intrinsic
Electrophysiological Properties
We have limited knowledge of the intrinsic and environ-
mental factors that determine the distinct morphologies of inter-
neuron classes. Early Golgi and electron microscopy studies
revealed that the maturation of axonal plexuses of cortical inter-
neurons takes place mainly during the second and third post-
natal week (Blue and Parnavelas, 1983a, 1983b; Parnavelas
et al., 1978). In PV+ cells, the full development of neurites
takes approximately 4 to 5 weeks (Doischer et al., 2008).
However, characteristic dendritic features such as bipolarity of
multipolarity are already present at P0 in the rat hippocampus
(Hennou et al., 2002). The membrane capacitance, which is
correlated to the membrane surface, also increases over three
weeks before reaching a plateau in cortical interneurons gener-
ated embryonically in the CGE and postnatally in the SVZ
(Le Magueresse et al., 2011).
Because distinct populations of interneurons are generated at
different times during embryonic development, they will differ
with respect to their morphological development at a given
postnatal time point. This is reflected in differences regarding
their functional contribution within immature networks. For
example, early-generated long-range projecting ‘‘hub’’ inter-
neurons in the hippocampus already have an extended axon
during the early postnatal period, which allows them to
contribute to network synchronization (Bonifazi et al., 2009;
Picardo et al., 2011).
Several intrinsic electrophysiological properties are good indi-
cators of functional maturation. The firing frequency increases
with age before reaching a plateau, and at least for certain cell
types (e.g., FS cells), the developmental profile of the firing
pattern during the second and third postnatal week is paralleled
by the maturation of other typical features, such as high-
frequency subthreshold membrane potential oscillations and
changes in membrane resistance (Doischer et al., 2008; Gold-
berg et al., 2011). The maturation of interneuron firing is slow
and is incomplete at P30 inmice, in contrast to cortical pyramidal
cells whose action potential firing properties are already mature
at P20–P22 in rats (Zhang, 2004). Since functional maturation of
interneurons is far from complete at the time when most slice
electrophysiological work is preferentially carried out, care
should be exerted when using ‘‘typical firing patterns’’ for inter-
neuron classifications. Furthermore, it remains to be seen which
of the network functions studied at a stage when inhibitory
neurotransmission is still immature persist in the adult brain.
Notably, the development of other intrinsic electrophysiolog-
ical parameters may diverge substantially in distinct interneuron
subtypes. For instance, in mouse visual cortex PV+ cells and
pyramidal cells alike show a decrease in membrane resistance
during development, reflecting larger cell body and neurites as
Neuron
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membrane, in contrast to SOM+ cells whose membrane resis-
tance increases with age (Lazarus and Huang, 2011). The mech-
anisms underlying the membrane resistance increase in SOM
cells are unknown, but are presumably related to the downregu-
lation of specific ion channels. Functionally, this implies that
mature SOM+ cells tend to be recruited easier to small excitatory
inputs compared to earlier stages, while the input needed to
recruit PV+ and principal cells increases with age.
In summary, the maturation of the GABAergic circuitry starts
earlier than the maturation of the glutamatergic system, con-
tinues for a longer period, and proceeds in distinct steps. It
involves the ability of neurons to form GABAergic synapses
at a defined developmental stage, the development of certain
intrinsic cell properties as well as the maturation of the GABA
release and reuptake system, and distinct developmentally-
regulated expression profiles of proteins enabling intra- and
intercellular signaling.
Expression of Receptors and Ion Channels
in Interneurons at Different Stages of Maturation
Excitatory amino acid receptors are expressed in interneurons at
early developmental stages; however, their subunit composition
differs from that in the adult brain. Of the four subunits consti-
tuting heterotetrameric AMPA receptors (GluA1–4), the presence
of GluA2 is particularly relevant, since it makes AMPA receptors
impermeable to calcium and prevents a voltage-dependent
block by intracellular polyamines. In the adult, AMPA receptors
in interneurons differ from those in pyramidal cells. By and large,
pyramidal cells express GluA2-containing AMPA receptors,
while GluA2 levels are significantly lower in interneurons (Bochet
et al., 1994; Geiger et al., 1995). In the embryonic brain, GluA2-
lacking AMPA receptors are expressed in migrating interneurons
(Manent et al., 2006; Metin et al., 2000). During adolescence in
the rat prefrontal cortex, there is a transient increase in the
proportion of GluR2-lacking AMPA receptors in FS cells, as indi-
cated by the decreased rectification index (Wang and Gao,
2010). Functionally, this points to a transient change in long-
and short-term plasticity rules in FS cells for two reasons. First,
GluR2-lacking AMPA receptors promote anti-Hebbian long-
term plasticity (Kullmann and Lamsa, 2008). Second, these
results could account for the shift from paired-pulse depression
to paired-pulse facilitation that was observed in FS cells in 3- to
5-week-old rats (Angulo et al., 1999), since GluA2-lacking AMPA
receptors display activity-dependent release of polyamine block
that modulates the synaptic gain toward paired-pulse facilitation
(Rozov and Burnashev, 1999).
Functional NMDA receptors are also expressed by tangentially
migrating immature interneurons in the neocortical intermediate
zone (Soria and Valdeolmillos, 2002). The time course of synaptic
NMDA receptor expression shows developmental variation in
distinct cortical interneuron subtypes. In regular-spiking (RS)
and low-threshold spiking (LTS) cells in the prefrontal cortex,
NMDA receptor-mediated currents remain constant throughout
postnatal development, but in FS cells, NMDA responses signif-
icantly decrease with age. The proportion of FS cells exhibiting
detectable NMDA receptor-mediated currents upon extracel-
lular stimulation progressively drops from about 75% in young
(P15–P28) rats to 25% in adult animals (12–15weeks). The decaytime of NMDA current in FS and LTS cells, but not RS cells,
decreases markedly between 2 and 4 weeks of age and 12
and 15 weeks of age, suggesting a change in the composition
of GluN2 subunits specifically in FS and LTS cells during late
postnatal development (Wang and Gao, 2009). This is indicative
of an extremely protracted development of some interneuronal
subtypes, by far exceeding the maturation of GABAergic
transmission itself. It bears consequences for the generation of
oscillations in neuronal networks, given the role of NMDA trans-
mission on FS interneurons for neuronal synchrony in the theta
and gamma range (Korotkova et al., 2010). Thus, fully mature
oscillatory activity will likely take place only way after puberty.
However, this long maturation of NMDA receptor composition
might be a distinct feature of the prefrontal cortex and may be
less pronounced in other areas.
Yet other channels are functionally relevant in immature
GABAergic cells. Connexin 43 is expressed in immature
GABAergic neuroblasts and is crucial for proper migration (Elias
et al., 2010). At this developmental stage, connexins form hemi-
channels whose adhesive properties guide immature interneu-
rons in migration along radial glial cells. Interneurons do not
establish functional gap junctions until the end of the first post-
natal week when gap junctions couple pairs of pyramidal cells
and FS interneurons as well as pairs of FS cells (Meyer et al.,
2002; Pangratz-Fuehrer and Hestrin, 2011). Of note, only gap
junctions between interneurons persist in the adult; those
between pyramidal cells and interneurons disappear between
the second and the fourth postnatal week. Furthermore, the
strength of electrical coupling between interneurons decreases
during development (Meyer et al., 2002).
Dynamic Interaction between GABA Signaling
and Brain Activity during Cortical Maturation
GABAergic Control of Neuronal Proliferation
and Migration
GABA negatively controls proliferation of stem cells (Andang
et al., 2008) and adult progenitors of GABAergic interneurons
in the postnatal and adult subventricular zone (Fernando et al.,
2011). In the postnatal SVZ, the endogenous protein diazepam
binding inhibitor secreted by neuroblasts counteracts GABA-
induced inhibition of proliferation by blocking GABAA receptors
on precursor cells, thus providing a feedback mechanism on
progenitor proliferation (Alfonso et al., 2012).
GABA promotes the migration of immature glutamatergic and
GABAergic interneurons (Behar et al., 1998, 2000; Lopez-Bend-
ito et al., 2003; Manent et al., 2005). The effect of GABA on inter-
neuron migration appears to be dependent on its depolarizing
action in immature neurons. The gradual expression of KCC2
in interneurons and the resulting hyperpolarization acts as a
stop signal to prevent further migration (Bortone and Polleux,
2009). Interestingly, MGE-derived neurons, which express
KCC2 earlier than CGE-derived neurons, also reach their final
destination in the cortex earlier. KCC2 expression might thus
control the laminar distribution of distinct subpopulations of
cortical interneurons (Miyoshi and Fishell, 2011). Since neuronal
activity modulates KCC2 expression in multiple ways (Chamma
et al., 2012), local brain activity may act via KCC2 as a regulator
of the final location of interneurons. The differential effect ofNeuron 77, February 6, 2013 ª2013 Elsevier Inc. 391
ENVIRONMENT/CORTICAL ACTIVITY-DEPENDENT
- neurite length of distinct interneuron subtypes
- migration of distinct interneuron subtypes
- GABAergic synapse maintenance/elimination
- extent of perisomatic innervation formed by PV+ cells 
onto pyramidal cells
- GABA-mediated cortical plasticity during critical periods
- interneuron excitability/synaptic activity via activity-
dependent control of gene expression (KCC2, GAD67, 
PV,  Otx2, BDNF...)
ACTIVITY-INDEPENDENT UNFOLDING
OF GENETIC PROGRAMS
- establishment, shape and molecular identity of 
GABAergic synapses
- subcellular targeting of GABAergic synapses
- general shape of interneuronal axons and dendrites
- maturation of interneuron firing pattern
- cell death of developing cortical interneurons
- onset of GABAergic and glutamatergic synapse formation 
onto interneurons
Figure 2. Nature-Nurture Interplay Shaping
the Development of GABAergic
Neurotransmission
Left panel, features of GABAergic circuit devel-
opment that are not influenced by cortical activity.
Right panel, features of GABAergic circuit devel-
opment which are sensitive to changes in sensory
environment and/or cortical activity.
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recently demonstrated, as altered intrinsic excitability was
shown to result in a migration and maturation deficit of CGE-
derived reelin+ and calretinin+ but not VIP+ interneurons (De
Marco Garcia et al., 2011). Thus, continuous cross-talk of
cortical activity and the developing GABAergic system influ-
ences neuronal migration and dictates the final location of
distinct interneuron subtypes in the cortex.
Synaptic Wiring
GABAergic synapse formation can take place in the absence of
neurotransmission. There is morphological evidence for the
presence of GABAergic synapses as early as E16, the time of
onset of normal synaptogenesis, and postsynaptic GABAA
receptors are already in place in the cortex of mouse embryos
at a developmental stage when presynaptic release is not
yet functional (Verhage et al., 2000). Di Cristo and colleagues
examined whether the subcellular organization of GABAergic
synapses in visual cortex requires visual experience and
thalamic input by evaluating the distribution of basket and
bitufted interneuron synapses along pyramidal neurons in orga-
notypic cultures in which inputs to the cortex had been removed.
No major changes in the subcellular targeting of GABAergic
synapses were observed, suggesting that targeting is specific
even in the absence of sensory and thalamic inputs (Di Cristo
et al., 2004). In the same preparation, biophysical properties of
basket cells also remained unchanged (Wu et al., 2012). Studies
on the maturation of embryonic neuroblasts grafted into the
postnatal brain have shown that the maturation of neuronal
morphology and electrophysiological properties are largely inde-
pendent of the environment. The development of passive and
active electrophysiological parameters, as well as the time at
which spontaneous activity becomes detectable, are identical
in grafted neurons and neurons maturing in situ (Le Magueresse
et al., 2011). It is not clear whether the ‘‘choice’’ of neuronal part-
ners is altered by the graft. Data derived from experiments in
which embryonic precursor cells from the lateral ganglionic
eminence were grafted into the striatum showed that aberrant
connections are formed by transplanted neurons (Magavi
and Lois, 2008). Together, these results suggest that a cell-
autonomous genetic program governs not only the maturation
of electrophysiological and morphological features in distinct
GABAergic interneuron subtypes, but also the formation of
GABAergic synapses, in a manner largely independent of sen-
sory input or intrinsic patterns of neuronal activity. Interestingly,
recent results indicate that interneuron cell death, which elimi-392 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.nates 40% of interneurons during devel-
opment, is also determined intrinsically
(Southwell et al., 2012).In contrast to the numerous genetic programs that govern the
development of the GABAergic system in a fairly rigid manner,
several developmental changes are modulated in an activity-
dependent fashion (Figure 2). For instance, GABA release that
controls the maturation of inhibitory connectivity is itself regu-
lated by neuronal activity. One critical factor in this regulation
appears to be the activity-dependent regulation of GAD67 (Gier-
dalski et al., 2001; Liang et al., 1996; Patz et al., 2003). Indeed,
perisomatic innervation by PV+ interneurons and axonal branch-
ing are reduced as a consequence of knocking out GAD67 in
a subset of PV+ basket cells in slice cultures (Huang et al.,
2007). Interestingly, complete block of GABA release from PV+
basket cells results in an opposite effect, namely proliferation
of synapses and axon overgrowth. Since GABA is not necessary
for synapse formation, these results suggest that GABA release
is a key regulator of synapse elimination (Baho and Di Cristo,
2012; Wu et al., 2012).
Moreover, GABA fine tunes the formation of glutamatergic
synapses in an activity-dependent manner. This effect is criti-
cally dependent on the depolarizing action of GABA during
development. Thus, blockade of NKCC1 during the period of
GABA depolarization permanently decreases excitatory syn-
aptic transmission and dendritic length (Wang and Kriegstein,
2008, 2011). Conversely, accelerating the switch from excitatory
to inhibitory GABA by premature expression of KCC2 also leads
to altered dendritic morphologies (Cancedda et al., 2007). There-
fore, activity-dependent GABA signaling contributes to optimize
the balance between excitation and inhibition (E/I balance) in the
developing cortex. A key regulator of interneuron development
that most likely plays a role in controlling the E/I balance at post-
migratory developmental stages is BDNF. BDNF is secreted
from pyramidal cells in an activity-dependent manner and regu-
lates the maturation of interneurons (Rutherford et al., 1997).
Genetically enhancing BDNF signaling in pyramidal cells during
postnatal development accelerates thematuration of PV+ basket
cells (Huang et al., 1999).
Consistent with the importance of cortical activity in shaping
the development of GABAergic transmission, a number of
studies point to an important role of sensory experience in the
maturation of GABA signaling. Dark rearing of rat pups causes
high rates of spontaneous activity in the visual cortex, coupled
with lack of tuning and prolonged duration of responses to
moving stimuli, suggesting delayed maturation of intracortical
inhibitory mechanisms (Benevento et al., 1992). Visual depriva-
tion from birth onward also decreased GABA immunoreactivity
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Figure 3. Development of Synchronous Oscillations in the Neocortex and Hippocampus
(A) Schematic showing the switch from excitatory to inhibitory GABA, themajor oscillatory rhythms in the in vitro slice preparation (green and gray bars) and in vivo
(violet bars) as a function of rodent age during early postnatal development.
(B) Two distinct patterns of network synchrony in the somatosensory cortex in vitro. The green trace shows an early network oscillation (ENO). The blue trace
shows three consecutive cortical GDPs (modified from Allene et al., 2008).
(C) Three distinct patterns of oscillatory activity in the somatosensory cortex of the neonatal rat in vivo. (C1) Several spindle bursts (marked by s), gamma
oscillations (g), and one long (or ‘‘slow’’) oscillation were recorded in the primary somatosensory cortex in a P3 rat. (C2) Examples of gamma oscillations (i, ii) and
spindle burst (ii) marked by red boxes in C1 shown at an expanded timescale (modified from Yang et al., 2009).
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(Gabbott and Stewart, 1987), and perisomatic GABAergic
innervation in pyramidal cells of the visual cortex is disrupted
following dark rearing (Chattopadhyaya et al., 2004; Morales
et al., 2002). Sensory deprivation-induced remodeling of
GABAergic transmission is not limited to the visual cortex. For
instance, whisker trimming before, but not after, P15 in mice is
associated with reduced PV expression in the deprived barrels
of the barrel cortex and leads to decreased inhibitory neurotrans-
mission onto layer 4 spiny neurons (Jiao et al., 2006).
Contribution of Developing GABAergic Interneurons
to Network Synchrony
The maturation of primitive network oscillations differs between
cortex and hippocampus. In the hippocampus, giant depolariz-
ing potentials (GDPs), which can be abolished by GABAA
receptor antagonists, are present in the slice preparation at birth
(Figure 3; Ben-Ari et al., 1989). In the neonatal cortex, another
form of network synchrony (early network oscillations or ENOs)
predominates for the first 3 postnatal days (Garaschuk et al.,
2000). ENOs rely exclusively on glutamatergic release, and as
cortical maturation progresses, ENOs are replaced by GDPs
relying on the release of excitatory GABA (Allene et al., 2008).In the hippocampus, the generation of GDPs is thought to
depend on long-range ‘‘hub’’ interneurons (Bonifazi et al.,
2009). It will be interesting to investigate whether the maturation
of such hub neurons is delayed by a few days in the cortex
compared to the hippocampus, which might help explain the
later appearance of cortical GDPs. Alternatively, the levels of
GABA released in the cortex might not be sufficient to provide
the excitation needed to entrain synchronous network oscilla-
tions. A third possibility is that GABAergic interneurons may be
present in the cortex shortly after birth but may not be recruited
by glutamatergic inputs and depolarizing GABAergic inputs and/
or may be unable to evoke postsynaptic responses (Daw et al.,
2007). Although GDPs are short lived, their function may be
essential to set the stage for subsequent maturational steps.
Hippocampal GDPs were shown to enhance the strength of
immature glutamatergic synapses by promoting pre- and post-
synaptic concomitant depolarization (Mohajerani et al., 2007).
Thus, GABAergic interneurons, by contributing to neuronal
synchrony in the neonatal cortex, could play a role in the wiring
of immature cortical circuits.
As GABAergic transmission matures, interneurons start to act
as circuit pacemakers, a function that they continue to have inNeuron 77, February 6, 2013 ª2013 Elsevier Inc. 393
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in the adult are present in the hippocampus by the end of the first
postnatal week. However, little is known about the functional
significance of these rhythms during postnatal development.
Cortical synchronizations in the gamma range were reported in
early postnatal sensory cortex (P0–P4) in response to sensory
stimulation, but they passively followed a thalamic oscillator until
P5, when emerging inhibition in the cortex began to pace
gamma oscillations (Minlebaev et al., 2011; Yang et al., 2012).
Spindle bursts were also observed at birth in the neonatal rat
somatosensory and visual cortex (Hanganu et al., 2006; Khazi-
pov et al., 2004) and at P3 in the rat prefrontal cortex (PFC)
(Brockmann et al., 2011). In addition, two other types of
oscillatory activity were detected in the rat PFC during the first
postnatal week, namely oscillations in the slow gamma range
(30–40 Hz) and large, rare oscillations of longer duration occur-
ring on average every 20 min. Interestingly, while spindle burst
and gamma frequency oscillations synchronized small local
neuronal networks, large and slow oscillations propagatedwithin
the cortex and synchronized larger cell assemblies (Yang et al.,
2009). Hippocampal theta oscillations temporally coordinate
prefrontal activity in adult rodents (Siapas et al., 2005; Sirota
et al., 2008). In the rat hippocampus theta bursts were observed
shortly after birth and drove discontinuous oscillatory activity in
the neonatal PFC. At P10–P11, discontinuous spindle bursts
and superimposed gamma oscillations (‘‘nested gamma’’) in
the rat PFC were replaced with continuous oscillatory rhythms.
More sustained oscillations in the theta-gamma range emerged
at P8–P10 in the hippocampus and entrained PFC activity
(Brockmann et al., 2011; Lahtinen et al., 2002). Thus, early neural
synchrony in the hippocampus may facilitate the maturation of
PFC networks.
Given the role of FS interneurons in the generation of gamma
rhythms in the neocortex and hippocampus (Cardin et al., 2009;
Fuchs et al., 2007; Sohal et al., 2009), faster intrinsic properties
and faster GABAA receptor kinetics are likely to be needed to
achieve precise timing of oscillations (Traub et al., 1996). In
support of this hypothesis, computational modeling of fast-
spiking basket cell networks endowed with ‘‘young’’ intrinsic
and synaptic properties showed that oscillations in such
networks occurred in the lower gamma range and only with
low coherence. In contrast, networks based on highly connected
fast-spiking basket cells with mature electrophysiological
properties generated coherent activity in the upper gamma
frequency band (Doischer et al., 2008). Similarly, sharp
wave-associated ripple oscillations, one of the major hippo-
campal rhythms (125–250 Hz), whose emergence is likely to crit-
ically depend on the fast pacing of pyramidal cells by FS PV+
basket cells, were reported to emerge at the end of the second
postnatal week and to gradually increase until P18, when their
frequency reached that recorded in adult animals (Buhl and
Buzsaki, 2005).
The development of theta activity is of great interest since it is
the major hippocampal rhythm that occurs during exploratory
activity and it modulates the activity of spatially tuned excitatory
neurons in the hippocampal-entorhinal formation. Orchestrated
activity of place and grid cells in the hippocampus and entorhinal
cortex, respectively, is believed to underlie the generation of394 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.spatial representations and memory (Fyhn et al., 2004; O’Keefe
and Dostrovsky, 1971). Interestingly, theta activity in the hippo-
campus is established before place and grid cell activity
develops. However, much of this activity might reflect propaga-
tion of theta from extra-hippocampal regions. Immature place
and grid cells can be recorded in 2 ½-week-old rat pups, and
the refinement of grid cell properties is accompanied by an
increase in coordinated activity between entorhinal stellate cells,
suggesting that the gradual synchronization of enthorinal
networks by interneurons is crucial for the maturation of spatial
coding (Langston et al., 2010; Wills et al., 2010).
Plasticity Controlled by GABA Maturation during
Postnatal Development in the Visual Cortex
Long after the establishment of synaptic contacts and the devel-
opment of mature patterns of oscillations, neuronal circuits
continue to display remarkable plasticity during critical periods
of postnatal development in multiple brain regions and across
species. The best-studied form of critical period remodeling is
perhaps ocular dominance plasticity in the visual cortex.
Absence of patterned visual input in children, but not in adults,
results in permanent loss of visual acuity (amblyopia). Cellular
correlates of amblyopia were first studied in cats, where it was
shown that closure of one eye during the critical period results
in strengthening of the input from the open eye at the expense
of the input from the closed eye (Wiesel and Hubel, 1963).
Furthermore, monocular deprivation during the critical period
leads to a significant expansion of the territory targeted by inputs
from the spared eye at the expense of areas targeted by the
deprived eye. A series of important studies have revealed
a key role of GABAergic interneurons in setting the onset and
closure of the critical period.
The first evidence for a major contribution of the GABAergic
system in controlling visual cortex wiring during the critical
period was obtained using a pharmacological approach (Reiter
and Stryker, 1988). These results were confirmedwith mice lack-
ing GAD65, where the ocular dominance shift is prevented in
animals deprived of visual inputs for 4 days at P25–P27, the
peak of the critical period. This effect could be compensated
by augmenting GABAA receptor activity with benzodiazepines
(Hensch et al., 1998), indicating that sufficient levels of synaptic
GABA release are required for the critical period to occur. Inter-
estingly, GAD65 KO mice exhibited ocular dominance shifts at
any age when visual deprivation was associated with cortical
infusion of diazepam, indicating that critical period onset is de-
layed indefinitely in the absence of normal GABA release during
development but can be triggered by sufficient GABAA receptor
activation at later stages (Fagiolini and Hensch, 2000). Knockin
mice expressing a diazepam-resistant GABAA receptor a1
subunit were used to demonstrate that specific GABAergic
circuits involving a1-containing GABAA receptors located on
the soma of pyramidal cells are necessary to trigger ocular domi-
nance plasticity during the critical period. Since a1-containing
receptors mediate the synaptic input from PV+ basket cells,
PV+ interneurons may have an important role in opening the crit-
ical period (Fagiolini et al., 2004). These rapid effects are likely to
result frommorphological changes of intracortical circuitry at the
level of dendritic spines. Indeed, brief monocular deprivation
during the critical period caused rapid changes in spine motility
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GABAA receptors delivered in the visual cortex for a month start-
ing 2 weeks after birth widen column spacing, while partial block
of GABAA receptors has the opposite effect (Hensch and
Stryker, 2004). These results show that not only synaptic wiring
but also the large-scale architecture of neuronal circuits is
directly shaped by GABAergic transmission during late cortical
development.
Brain activity also plays a role in the termination of the critical
period by influencing the maturation state of GABAergic inter-
neurons. For instance, faster maturation of PV+ interneurons re-
sulting from increased BDNF expression in pyramidal cells
during postnatal development terminates the critical period of
ocular dominance plasticity sooner (Huang et al., 1999). Further-
more, non-cell-autonomous transfer of the homeoprotein Otx2
coordinates postnatal PV+ cell maturation and the timing of
visual cortical plasticity (Sugiyama et al., 2008). Importantly,
grafting GABAergic precursors from the MGE into the postnatal
visual cortex reopens the critical period in adult mice exactly at
the time when the grafted cells reach the stage of maturation
equivalent to that of endogenous inhibitory neurons during the
normal critical period (Southwell et al., 2010). These studies
strongly support the notion that opening and closure of the crit-
ical period is determined mostly by the state of maturation of
inhibitory circuits in the cortex, which is further supported by
data showing that the critical period can be reopened in adult
animals by manipulating the GABAergic system. Ocular domi-
nance plasticity was reactivated in adult mice by altering the
function of PV+ cells via disruption of the extracellular matrix of
perineuronal nets (Pizzorusso et al., 2002). It can also be reacti-
vated by lowering inhibition in other ways, such as infusion of
GABAA receptor antagonists (Harauzov et al., 2010). Interest-
ingly, dark exposure in adulthood reinstates ocular dominance
plasticity by rejuvenating GABAergic synaptic transmission, in
particular by re-expressing endocannabinoid-mediated long-
term depression at inhibitory synapses onto pyramidal cells
(iLTD) (Huang et al., 2010; Jiang et al., 2010).
Based on these results, it was proposed that the control of the
excitation/inhibition (E/I) ratio is critical for plasticity in the visual
cortex. The cellular mechanisms that confer an advantage to
nondeprived inputs during the critical period are not well under-
stood, but data suggest that inhibitory circuits in the visual
cortex undergo profound changes during the period preceding
the critical period. In the immature mouse visual cortex following
eye opening, but before the critical period (P15–P17), transient
visual deprivation for two days dramatically increases sponta-
neous activity in layer IV star pyramidal neurons, an effect result-
ing both from the increase in excitatory drive and decrease in
inhibitory drive. The effects can be reversed when visual inputs
are restored. Therefore at that stage of development, the
homeostatic adjustment of the E/I ratio allows the network to
adapt to variations of sensory inputs (Maffei et al., 2004). Inter-
estingly, inhibition provided by bipolar regular-spiking interneu-
rons onto layer 4 star pyramids was maintained following
monocular deprivation, while inhibition provided by FS cells
strongly decreased, suggesting that distinct interneuronal
networks are involved in maintaining the E/I balance. Shortly
thereafter, the network in layer IV loses its ability to compensatethe loss of excitatory drive caused by sensory deprivation
around the beginning of the critical period (Maffei et al., 2006;
Maffei and Turrigiano, 2008).
Maturation of GABAergic Neurons
and Neurodevelopmental Disorders
Clearly, GABAergic interneurons play a critical role in shaping
cortical maturation at various stages of development in the
healthy brain. During maturation, interneurons exert several
functions: by first releasing depolarizing GABA, they promote
proliferation and migration, favor synaptic maturation, and pro-
vide the drive for synchronizing immature networks. As develop-
ment of interneuron progresses, GABA gradually becomes more
hyperpolarizing, and a coordinated change in the whole
GABAergic system gradually takes place, involving the matura-
tion of firing patterns, GABA release, GABA degradation and
reuptake. Together these features allow cortical networks to
generate oscillations of wider amplitude and faster frequencies,
and eventually oscillations in the fast gamma range, a hallmark of
mature circuits. GABA transmission is essential for the plasticity
of immature circuits during critical periods of brain development.
Because of its role in setting the length of critical periods as well
as its function in brain wiring and the generation of immature
oscillatory patterns, the maturation of GABAergic transmission
plays a key role in enabling brain complexity in higher mammals.
Here, we discuss insights, largely gained from mouse genetic
studies, into alterations in GABAergic circuit function in psychi-
atric disorders and consider how PV+ interneurons in particular
may play a critical role.
Schizophrenia
GABAergic circuits show a variety of deficits in adult schizo-
phrenic patients (Lewis et al., 2012). One of the most consistent
findings is the selective downregulation of GAD67 and PV in PV+
interneurons in layer 3–5 in the prefrontal cortex (Akbarian et al.,
1995; Hashimoto et al., 2003; Mirnics et al., 2000; Volk et al.,
2000; Zhang and Reynolds, 2002). In schizophrenic patients,
the expression of GABAA receptor a1 subunit is reduced in
cortical pyramidal cells at the postsynaptic inputs from PV+
basket cells (Glausier and Lewis, 2011). Furthermore, the
expression of a2 is increased at the postsynaptic site of
synapses made by Chandelier cells onto pyramidal cells (Volk
et al., 2002) and the expression of GAT1 is reduced in Chandelier
cell terminals (Pierri et al., 1999; Woo et al., 1998). Moreover,
the disruption of oscillatory activity observed in the cortex of
individuals with schizophrenia, gamma oscillations in particular
(Uhlhaas and Singer, 2010), also points to changes in PV+ inter-
neuron function.
The observation that NMDA receptor antagonists induce
behaviors reminiscent of cognitive, negative and positive symp-
toms of schizophrenia led to the hypothesis that NMDA receptor
hypofunction may be a core feature of the disorder (Coyle and
Tsai, 2004; Rotaru et al., 2012). Genetically modified mice with
low NMDA receptor expression have schizophrenia-like behav-
ioral features, further supporting this hypothesis (Mohn et al.,
1999). Moreover, genes encoding proteins that modulate
NMDA receptor function have been associated with higher risk
of schizophrenia (Coyle and Tsai, 2004), and there is direct
evidence of NMDA receptor hypofunction in the brain ofNeuron 77, February 6, 2013 ª2013 Elsevier Inc. 395
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tion of NMDA receptor antagonists results in an increase in
cortical activity (Breier et al., 1997), suggesting that NMDA
receptor hypofunction may specifically occur in interneurons.
In adult mice, there is direct evidence that NMDA receptor antag-
onists decrease the activity of GABAergic interneurons in the
PFC (Homayoun and Moghaddam, 2007).
The observation that PV expression is decreased in the brain
of schizophrenic patients and experimental evidence that PV+
neurons are crucial for the generation of gamma oscillatory
activity led to the suggestion that NMDA receptor hypofunction
specifically in PV+ cells may be a central feature of the disease.
Supporting this hypothesis, NMDA receptor antagonists down-
regulate PV expression (Behrens et al., 2007; Kinney et al., 2006).
It should be noted, however, that several observations argue
against NMDA receptor hypofunction in adult PV+ cells as a
causal event in schizophrenia. First, NMDA receptor expression
in PV+ cells is low in comparison to NMDA receptor expression
in pyramidal cells and other interneurons in the normal forebrain
(Rotaru et al., 2011; Wang and Gao, 2009). Consistent with these
results, FS interneuron-mediated disynaptic inhibition onto pyra-
midal cells is NMDA receptor-independent in the somatosensory
cortex (Hull et al., 2009; Ling and Benardo, 1995; Pouille et al.,
2009). NMDA receptor in PV+ neuronsmight in fact be less prone
to activation than those on pyramidal cells (Hull et al., 2009).
Moreover, the power of gamma oscillations is increased in the
hippocampus and prefrontal cortex of mice lacking NMDA
receptors selectively in PV+ interneurons (Carlen et al., 2012;
Korotkova et al., 2010), consistent with modeling studies (Rotaru
et al., 2011). On the contrary, gamma-band oscillations during
the execution of cognitive tasks weremainly found to be reduced
in schizophrenic patients (Uhlhaas and Singer, 2010, 2012)—
although some reports suggest that resting-state gamma oscil-
lations after auditory stimulation are increased (Spencer, 2012)
and that positive symptoms of the disease (i.e., hallucinations
and delusions) correlate with increased gamma oscillations in
sensory cortices (Lee et al., 2003; Spencer et al., 2009). In addi-
tion, mice lacking NMDA receptors in adult PV+ cells do not
display any behavioral phenotype reminiscent of schizophrenia
(Korotkova et al., 2010).
Since NMDA receptors aremore highly expressed in PV+ inter-
neurons during development than in adulthood (Wang and Gao,
2009), it remains possible that NMDA receptor hypofunction
on PV+ cells during development, rather than in adulthood, con-
tributes to the disease. Mice with selective ablation of NMDA
receptors in a fraction of forebrain interneurons including PV+
interneurons show deficits reminiscent of human schizophrenia
if the ablation takes place during early postnatal development
but not in adult mice (Belforte et al., 2010). Thus, deficits of
NMDA receptors during development may impair PV+ cells
activity and consequently decrease PV and GAD67 expression.
This would in turn alter GABAergic signaling and in particular
short-term plasticity (Eggermann and Jonas, 2011; Muller et al.,
2007) at PV+ cell-pyramidal cell synapses. However the hypoth-
esis of a specific NMDA receptor hypofunction in PV+ cells
remains largely speculative, as there is no convincing evidence
of altered NMDA receptor -mediated glutamatergic transmission
onto PV+ cells in the brain of schizophrenic patients.396 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.In fact, decreased expression of PV and GAD67 in PV+ inter-
neurons may rather reflect downscaling of activity in response
to decreased activity in pyramidal cells (Lewis et al., 2012) and
might alter gamma oscillations (Volman et al., 2011; Vreugdenhil
et al., 2003). Spine density was found to be decreased in layer 3
pyramidal cells in the cortex of schizophrenic patients (Garey
et al., 1998; Glantz and Lewis, 2000), lending support to the
concept that pyramidal cells are less prone to be recruited by
incoming glutamatergic inputs. This in turn would reduce the
activity of PV+ cells (Lewis et al., 2012). Such a scenario in which
modified PV+ cell activity results from other upstream events is
also supported by the correlation between decreased glutama-
tergic release from principal cells and decreased excitability of
PV+ neurons. Thus, decreased excitability of PV+ interneurons
and decreased inhibitory transmission onto pyramidal cells
were observed in mice lacking the Dtnbp1 gene coding for dys-
bindin (Ji et al., 2009). Genetic variants of DTNBP1 have been
shown to predispose to schizophrenia (Straub et al., 2002),
and DTNBP1 expression in the prefrontal cortex is significantly
reduced in schizophrenic patients (Weickert et al., 2004). Dys-
bindin is predominantly expressed in synaptic vesicles at gluta-
matergic terminals (Numakawa et al., 2004; Talbot et al., 2004,
2006), suggesting that PV+ cell dysfunction is secondary to
altered glutamatergic release in Dtnbp1 knock-out mice.
There is evidence that perturbed maturation of interneurons
may be a risk factor for the development of schizophrenia. Poly-
morphisms, genetic variants or deletions in the genes encoding
Neuregulin 1 (NRG1) and its receptor tyrosine kinase, ErbB4, are
associated with both increased risk of schizophrenia and aberra-
tions of interneuron development. The NRG1 gene was first
recognized as a susceptibility locus for schizophrenia (Stefans-
son et al., 2003; Stefansson et al., 2002; Williams et al., 2003).
A recent study demonstrated that ErbB4 is expressed exclu-
sively in inhibitory interneurons, in particular in PV+ interneurons.
ErbB4 was shown to promote the formation of axo-axonal
synapses from chandelier cells onto pyramidal cells and the
formation of glutamatergic synapses onto PV+ interneurons
(Fazzari et al., 2010).
There is also evidence that molecular pathways associated
with schizophrenia control interneuron migration. NRG1/ErbB4
signaling promotes the migration of immature cortical
GABAergic interneurons (Flames et al., 2004). Tangential migra-
tion of MGE-derived interneurons is also impaired following
knockdown of DISC-1, a susceptibility gene for schizophrenia
(Steinecke et al., 2012). Altered interneuron migration during
development is consistent with the increased density of inter-
neurons observed in the superficial white matter of schizo-
phrenic patients (Anderson et al., 1996; Eastwood and Harrison,
2003; Joshi et al., 2012). Thus, it is possible that MGE-derived
interneurons, and PV+ cells in particular, get improperly con-
nected to cortical networks in the developing schizophrenic
brain, in addition to or instead of receiving reduced excitatory
inputs from cortical pyramidal cells. The hypotheses proposing
different mechanisms leading to altered PV activity are not
mutually exclusive.
Given the role of BDNF in adaptingmaturation of PV+ interneu-
rons to pyramidal cell activity, it is likely that BDNF/TrkB
signaling contributes to the etiology of schizophrenia, and in
Neuron
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expression of TrkB and BDNF was observed in the brain of
schizophrenic patients (Hashimoto et al., 2005; Weickert et al.,
2003). In mice lacking TrkB receptors in PV+ interneurons,
decreased glutamatergic input to PV+ cells and reciprocally
decreased GABAergic input onto pyramidal cells in the hippo-
campus was demonstrated (Zheng et al., 2011). Finally, an
important indication that alterations of GABAergic mechanisms
may be implicated early during development and that they are
not merely the consequence of altered activity in the diseased
adult brain was provided by the discovery that polymorphisms
of GAD1, the gene coding for GAD67, are associated with child-
hood onset schizophrenia (Addington et al., 2005).
Autism
Deficits in GABA signaling have also been implicated in autism,
another disorder of neural development. Autism appears during
early infancy, with a diagnosis usually established before the age
of three, i.e., at a time of major cortical remodeling. Although
symptoms may vary, autistic children typically display impaired
socialization and communication skills, as well as repetitive
behaviors. Numerous studies have pointed to altered E/I balance
in autism, with evidence for disruption of both excitatory and
inhibitory synaptic transmission. Autism is strongly correlated
with network hyperexcitability, with about 30% of autistic chil-
dren suffering from epileptic seizures (Gillberg and Billstedt,
2000). The expression of GAD65 and GAD67 (Fatemi et al.,
2002; Yip et al., 2007) as well as the expression of GABAA and
GABAB receptors (Fatemi et al., 2010; Oblak et al., 2011) are
decreased in the cortex of autistic patients. Alteration of PV+
interneurons is one of themost striking features in animal models
of autism. For example, reduced numbers of PV+ cells are
observed in valproic acid-treated mice, an animal model of
autism (Gogolla et al., 2009). Similarly, mice engineered to carry
a mutation of the gene encoding urokinase plasminogen acti-
vator receptor (uPAR), which has been associated with autism
(Campbell et al., 2008), displayed a 50% reduction in neocortical
GABAergic interneurons, including a complete absence of PV+
interneurons, and exhibit spontaneous seizures and autistic
traits (Powell et al., 2003).
Although these modifications might be the consequence of
pathophysiological mechanisms upstream of GABA signaling,
there is evidence that causally links GABAergic mechanisms
and nonsyndromic autism, i.e., autism that is not secondary to
another underlying pathology. Genetic studies revealed that de
novo mutations and polymorphism of genes encoding proteins
essential for GABA signaling are associated with autism. For
example, mutations or genetic variants implicated in autism
are often found in genes coding for cell adhesion molecules of
the neurexin (NRXN)-neuroligin (NLG) families that are expressed
at glutamatergic and GABAergic synapses (Chih et al., 2005).
There is evidence that neuroligin mutations specifically affect
GABAergic synapses. Thus, a point mutation in Nlg3 (R451C)
associated with autism enhances GABAergic transmission, but
does not change glutamatergic transmission in layer 2–3 pyra-
midal cells in the mouse somatosensory cortex (Tabuchi et al.,
2007). In these mice, a reduction in the number of neocortical
PV+ interneurons was also observed (Gogolla et al., 2009).
Furthermore, maternal duplication of the chromosomal region15q11–13 constitutes one of the most common cytogenetic
abnormalities found in nonsyndromic autism, accounting for
1%–3% of cases (Kumar and Christian, 2009). The 15q11–13
genetic locus includes genes coding for three GABAA receptor
subunits (GABRA5, GABRG3, and GABRB3). In particular, poly-
morphisms ofGABRB3, which encodes the b3 subunit of GABAA
receptors, were associated with higher risk of autism (Menold
et al., 2001), a findingwhich is consistent with decreased expres-
sion of b3 in the brain of autistic patients (Samaco et al., 2005).
Increased risk of autism has been associated with polymor-
phisms in or near the DLX1/2 genes which govern the migration
and differentiation of forebrain GABAergic interneurons (Ander-
son et al., 1997a; Anderson et al., 1997b; Liu et al., 2009).
Autistic features are also prevalent in three distinct neurodeve-
lopmental disorders, Angelman syndrome, Rett syndrome, and
Fragile X syndrome, all of which are associated with increased
susceptibility to epileptic seizures, and hence, E/I imbalance.
In most cases, Angelman syndrome is caused by mutations or
deletions of the maternally inherited chromosomal region
15q11–13, and specifically by mutations affecting the gene en-
coding E3 ubiquitin ligase (UBE3A). Mutations or deletions of
UBE3A are sufficient to cause Angelman syndrome, but larger
deletions in chromosomal segment 15q11–13 correlate with
exacerbated clinical phenotypes and in particular with severe
epilepsies (Clayton-Smith and Laan, 2003; Minassian et al.,
1998). This is likely due to the presence of genes encoding
GABAA receptor subunits in this genetic region, especially
GABRB3. Mice lacking the Gabrb3 gene develop features remi-
niscent of Angelman syndrome, including seizures (DeLorey
et al., 1998). Mutations of Ube3a also affect GABA signaling.
Although both excitatory and inhibitory transmission are
decreased in mice lacking the maternal copy of Ube3a
(Ube3am/p+ mice), the effect on inhibition is even more pro-
nounced, accounting for the increased E/I ratio and network
hyperexcitability. Ube3am/p+ mice accumulate clathrin-coated
vesicles at inhibitory axon terminals, indicative of an inter-
neuron-specific defect in vesicle cycling (Wallace et al., 2012).
Rett syndrome is caused in the majority of cases by mutations
in the gene encoding Methyl CpG binding protein 2 (MeCP2)
located on the X chromosome. MeCP2 is a transcriptional regu-
lator that binds to methylated DNA, and it regulates the expres-
sion of UBE3A and GABRB3, which may account for autism,
increased risk of epilepsy, and decreased GABAA receptor
number in Rett syndrome (Samaco et al., 2005). Although
MeCP2 is expressed in both glutamatergic and GABAergic fore-
brain neurons, its expression is higher in the latter cell type.
Indeed, mice lacking MeCP2 specifically in GABAergic interneu-
rons recapitulate features of Rett syndrome (Chao et al., 2010).
Because it regulates the expression of BDNF, MeCP2 may be
involved also in the activity-dependent control of GABAergic
interneuron maturation (Chen et al., 2003; Martinowich et al.,
2003). Notably, MeCP2 regulates the transcription of DLX5,
a transcription factor critical for the migration and maturation
of PV+ interneurons (Horike et al., 2005; Wang et al., 2010).
Fragile X syndrome also involves clear deficits in GABAergic
signaling. Mice lacking the Fragile X mental retardation 1
(FMR1) gene are prone to seizures, indicating an E/I imbalance.
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into GABAergic circuit impairments since mGluR5 receptors
modulate glutamate release onto fast-spiking interneurons (Sar-
ihi et al., 2008). This and other alterations in GABAergic circuits
may contribute to neuronal hyperexcitability in Fmr1 knockout
mice. The density of PV+ interneurons is decreased and their
laminar distribution is altered in Fmr1 knockout mice, whereas
the density and distribution of calbindin+ and calretinin+ inter-
neurons remain unchanged (Selby et al., 2007). The expression
of several GABAA receptor subunits is also decreased in the
cortex of mice lacking Fmr1 (D’Hulst et al., 2006; El Idrissi
et al., 2005). At the functional level, tonic, but not phasic,
GABAA currents are downregulated in Fmr1-lacking subicular
neurons (Curia et al., 2009). Consequently, deficits in GABA
signaling throughout postnatal development may exacerbate
autism and epileptic seizures in Fragile X patients.
While the majority of data collected in studies of the diseased
human brain and in animal models point to reduced inhibitory
synaptic transmission in disorders associated with autism,
a few studies have provided evidence that GABA signaling is
increased in animal models of ASD (Tabuchi et al., 2007).
However, it is worth noting that opposite changes in the E/I ratio,
depending on whether they take place in interneurons or pyra-
midal cells, may cause similar phenotypes at the level of large
neuronal networks.
The full sequence of developmental processes that are disrup-
ted in autism and associated disorders is far from being fully
understood. There is some evidence that GABA-dependent
plasticity mechanisms are disturbed during development. In
particular, ocular dominance plasticity has been studied in
animal models of Angelman, Rett, and Fragile X syndromes.398 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.The study of cortical plasticity in models
of autism-related diseases seems partic-
ularly relevant since the critical period
for ocular dominance plasticity in humans
takes place by and large at a time
(6 months to 7 years of age) when autistic
symptoms become apparent. In mice
lacking the maternal copy of Ube3a,
a model of Angelman syndrome, ocular
dominance plasticity after brief monoc-
ular deprivation was strongly impaired
during the critical period in the visual
cortex (Sato and Stryker, 2010; Yashiro
et al., 2009). Similarly, in an Fmr1
knockout mouse model of Fragile X
syndrome, the expected depression of
the contralateral eye response could not
be observed after visual deprivation
during the critical period of OD plasticity
(Dolen et al., 2007). On the contrary,
ocular dominance plasticity was presentin adultMecp2 heterozygous femalemice after the critical period
was terminated in control mice (Tropea et al., 2009). These
results suggest that the cellular mechanisms involved in critical
period plasticity may be disrupted in autism-related diseases
(for review, see LeBlanc and Fagiolini, 2011). However, it remains
to be established whether the critical period is shortened,
extended or delayed in these mouse models.
Conclusions
As we have seen, disruptions of GABAergic circuitry at several
points can contribute to neurodevelopmental disorders
(Figure 4). It is perhaps surprising that some of the most consis-
tent findings in brains of patients suffering from autism spectrum
disorders or schizophrenia point to specific impairments in PV+
interneurons. Distinct roles of PV+ interneurons during develop-
ment may be at play in the etiology of autism and schizophrenia.
PV+ interneurons are crucial in setting the opening and closing of
the critical period, which in humans occurs during early postnatal
development, when the first symptoms of autism are also de-
tected. One may speculate that in autism, disrupted PV+ cell
function impairs plasticity, and thus cortical wiring, during a
restricted period of early postnatal maturation. In schizophrenia,
improper function of PV+ interneurons may occur at later stages
of postnatal development thus impairing their ability to pace
gamma oscillations, consistent with altered gamma oscillations
in the schizophrenic cortex. Therefore, it will be crucial to study
carefully the physiological, morphological and transcriptional
maturation of PV+ interneurons in animal models of ASDs and
schizophrenia.
Not only do GABAergic mechanisms shape brain maturation,
but they also constantly and dynamically adapt to brain activity
during development. Therefore, changes affecting a specific
Neuron
Reviewtype of interneuron or of GABAergic synapsewill not be sufficient
to account for the etiology of a defined disorder. Alterations of
GABAergic circuits in neurodevelopmental disorders will have
to be studied within the larger framework of cortical network
maturation. Eventually careful, large-scale computational
modeling will allow integration into a larger framework each
single piece of information gained from the morphological
and physiological studies of genetic variants associated with
distinct neurodevelopmental disorders, taking into account the
developmental variability of cortical networks. The considerable
GABA-mediated plasticity of cortical networks during postnatal
development could be used to develop new selectively targeted
therapies, be they pharmacological or behavioral, before cortical
circuits lose their developmental plasticity. Adult patients
suffering from neurodevelopmental disorders may also benefit
from new strategies aimed at reinstating cortical plasticity by
manipulating GABA signaling (Bavelier et al., 2010; Beurdeley
et al., 2012; Maya Vetencourt et al., 2008; Sale et al., 2007).
More generally, recent studies suggest that reversing the disrup-
ted molecular deficits observed in neurodevelopmental disor-
ders can restore proper function even if treatments are started
in the adult (Ehninger et al., 2008; Guy et al., 2007; Krueger
and Bear, 2011), thus giving justified hope for the development
of new pharmacological tools based on the identification of
altered molecular pathways.REFERENCES
Addington, A.M., Gornick, M., Duckworth, J., Sporn, A., Gogtay, N., Bobb, A.,
Greenstein, D., Lenane, M., Gochman, P., Baker, N., et al. (2005). GAD1
(2q31.1), which encodes glutamic acid decarboxylase (GAD67), is associated
with childhood-onset schizophrenia and cortical gray matter volume loss. Mol.
Psychiatry 10, 581–588.
Akbarian, S., Kim, J.J., Potkin, S.G., Hagman, J.O., Tafazzoli, A., Bunney,
W.E., Jr., and Jones, E.G. (1995). Gene expression for glutamic acid decarbox-
ylase is reduced without loss of neurons in prefrontal cortex of schizophrenics.
Arch. Gen. Psychiatry 52, 258–266.
Alfonso, J., Le Magueresse, C., Zuccotti, A., Khodosevich, K., and Monyer, H.
(2012). Diazepam binding inhibitor promotes progenitor proliferation in the
postnatal SVZ by reducing GABA signaling. Cell Stem Cell 10, 76–87.
Allene, C., Cattani, A., Ackman, J.B., Bonifazi, P., Aniksztejn, L., Ben-Ari, Y.,
and Cossart, R. (2008). Sequential generation of two distinct synapse-driven
network patterns in developing neocortex. J. Neurosci. 28, 12851–12863.
Andang, M., Hjerling-Leffler, J., Moliner, A., Lundgren, T.K., Castelo-Branco,
G., Nanou, E., Pozas, E., Bryja, V., Halliez, S., Nishimaru, H., et al. (2008).
Histone H2AX-dependent GABA(A) receptor regulation of stem cell prolifera-
tion. Nature 451, 460–464.
Anderson, S.A., Volk, D.W., and Lewis, D.A. (1996). Increased density of
microtubule associated protein 2-immunoreactive neurons in the prefrontal
white matter of schizophrenic subjects. Schizophr. Res. 19, 111–119.
Anderson, S.A., Eisenstat, D.D., Shi, L., and Rubenstein, J.L. (1997a). Inter-
neuron migration from basal forebrain to neocortex: dependence on Dlx
genes. Science 278, 474–476.
Anderson, S.A., Qiu, M., Bulfone, A., Eisenstat, D.D., Meneses, J., Pedersen,
R., and Rubenstein, J.L. (1997b). Mutations of the homeobox genes Dlx-1 and
Dlx-2 disrupt the striatal subventricular zone and differentiation of late born
striatal neurons. Neuron 19, 27–37.
Angulo, M.C., Staiger, J.F., Rossier, J., and Audinat, E. (1999). Developmental
synaptic changes increase the range of integrative capabilities of an identified
excitatory neocortical connection. J. Neurosci. 19, 1566–1576.Ascoli, G.A., Alonso-Nanclares, L., Anderson, S.A., Barrionuevo, G., Bena-
vides-Piccione, R., Burkhalter, A., Buzsaki, G., Cauli, B., Defelipe, J., Fairen,
A., et al. (2008). Petilla terminology: nomenclature of features of GABAergic
interneurons of the cerebral cortex. Nat. Rev. Neurosci. 9, 557–568.
Baho, E., and Di Cristo, G. (2012). Neural activity and neurotransmission
regulate the maturation of the innervation field of cortical GABAergic interneu-
rons in an age-dependent manner. J. Neurosci. 32, 911–918.
Bavelier, D., Levi, D.M., Li, R.W., Dan, Y., and Hensch, T.K. (2010). Removing
brakes on adult brain plasticity: from molecular to behavioral interventions. J.
Neurosci. 30, 14964–14971.
Behar, T.N., Schaffner, A.E., Scott, C.A., O’Connell, C., and Barker, J.L. (1998).
Differential response of cortical plate and ventricular zone cells to GABA as
a migration stimulus. J. Neurosci. 18, 6378–6387.
Behar, T.N., Schaffner, A.E., Scott, C.A., Greene, C.L., and Barker, J.L. (2000).
GABA receptor antagonists modulate postmitotic cell migration in slice
cultures of embryonic rat cortex. Cereb. Cortex 10, 899–909.
Behrens, M.M., Ali, S.S., Dao, D.N., Lucero, J., Shekhtman, G., Quick, K.L.,
and Dugan, L.L. (2007). Ketamine-induced loss of phenotype of fast-spiking
interneurons is mediated by NADPH-oxidase. Science 318, 1645–1647.
Belforte, J.E., Zsiros, V., Sklar, E.R., Jiang, Z., Yu, G., Li, Y., Quinlan, E.M., and
Nakazawa, K. (2010). Postnatal NMDA receptor ablation in corticolimbic inter-
neurons confers schizophrenia-like phenotypes. Nat. Neurosci. 13, 76–83.
Ben-Ari, Y., Cherubini, E., Corradetti, R., and Gaiarsa, J.L. (1989). Giant
synaptic potentials in immature rat CA3 hippocampal neurones. J. Physiol.
416, 303–325.
Ben-Ari, Y., Khalilov, I., Kahle, K.T., and Cherubini, E. (2012). The GABA excit-
atory/inhibitory shift in brain maturation and neurological disorders. Neurosci-
entist 18, 467–486.
Benevento, L.A., Bakkum, B.W., Port, J.D., and Cohen, R.S. (1992). The
effects of dark-rearing on the electrophysiology of the rat visual cortex. Brain
Res. 572, 198–207.
Benevento, L.A., Bakkum, B.W., and Cohen, R.S. (1995). gamma-Aminobuty-
ric acid and somatostatin immunoreactivity in the visual cortex of normal and
dark-reared rats. Brain Res. 689, 172–182.
Beurdeley, M., Spatazza, J., Lee, H.H., Sugiyama, S., Bernard, C., Di Nardo,
A.A., Hensch, T.K., and Prochiantz, A. (2012). Otx2 binding to perineuronal
nets persistently regulates plasticity in the mature visual cortex. J. Neurosci.
32, 9429–9437.
Bhakar, A.L., Dolen, G., and Bear, M.F. (2012). The pathophysiology of fragile X
(and what it teaches us about synapses). Annu. Rev. Neurosci. 35, 417–443.
Blue, M.E., and Parnavelas, J.G. (1983a). The formation and maturation of
synapses in the visual cortex of the rat. I. Qualitative analysis. J. Neurocytol.
12, 599–616.
Blue, M.E., and Parnavelas, J.G. (1983b). The formation and maturation of
synapses in the visual cortex of the rat. II. Quantitative analysis. J. Neurocytol.
12, 697–712.
Bochet, P., Audinat, E., Lambolez, B., Crepel, F., Rossier, J., Iino, M., Tsuzuki,
K., and Ozawa, S. (1994). Subunit composition at the single-cell level explains
functional properties of a glutamate-gated channel. Neuron 12, 383–388.
Bonifazi, P., Goldin, M., Picardo, M.A., Jorquera, I., Cattani, A., Bianconi, G.,
Represa, A., Ben-Ari, Y., and Cossart, R. (2009). GABAergic hub neurons
orchestrate synchrony in developing hippocampal networks. Science 326,
1419–1424.
Bortone, D., and Polleux, F. (2009). KCC2 expression promotes the termina-
tion of cortical interneuronmigration in a voltage-sensitive calcium-dependent
manner. Neuron 62, 53–71.
Bosman, L.W., Rosahl, T.W., and Brussaard, A.B. (2002). Neonatal develop-
ment of the rat visual cortex: synaptic function of GABAA receptor alpha
subunits. J. Physiol. 545, 169–181.
Bosman, L.W., Heinen, K., Spijker, S., and Brussaard, A.B. (2005). Mice lack-
ing themajor adult GABAA receptor subtype have normal number of synapses,
but retain juvenile IPSC kinetics until adulthood. J. Neurophysiol. 94, 338–346.Neuron 77, February 6, 2013 ª2013 Elsevier Inc. 399
Neuron
ReviewBourgeois, J.P., and Rakic, P. (1993). Changes of synaptic density in
the primary visual cortex of the macaque monkey from fetal to adult stage.
J. Neurosci. 13, 2801–2820.
Bregestovski, P., and Bernard, C. (2012). Excitatory GABA: how a correct
observation may turn out to be an experimental artifact. Front. Pharmacol.
3, 65.
Breier, A., Malhotra, A.K., Pinals, D.A., Weisenfeld, N.I., and Pickar, D. (1997).
Association of ketamine-induced psychosis with focal activation of the
prefrontal cortex in healthy volunteers. Am. J. Psychiatry 154, 805–811.
Brockmann, M.D., Poschel, B., Cichon, N., and Hanganu-Opatz, I.L. (2011).
Coupled oscillations mediate directed interactions between prefrontal cortex
and hippocampus of the neonatal rat. Neuron 71, 332–347.
Buhl, D.L., and Buzsaki, G. (2005). Developmental emergence of hippocampal
fast-field ‘‘ripple’’ oscillations in the behaving rat pups. Neuroscience 134,
1423–1430.
Campbell, D.B., Li, C., Sutcliffe, J.S., Persico, A.M., and Levitt, P. (2008).
Genetic evidence implicating multiple genes in the MET receptor tyrosine
kinase pathway in autism spectrum disorder. Autism Res. 1, 159–168.
Cancedda, L., Fiumelli, H., Chen, K., and Poo, M.M. (2007). Excitatory GABA
action is essential for morphological maturation of cortical neurons in vivo. J.
Neurosci. 27, 5224–5235.
Cardin, J.A., Carlen, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K.,
Tsai, L.H., and Moore, C.I. (2009). Driving fast-spiking cells induces gamma
rhythm and controls sensory responses. Nature 459, 663–667.
Carlen, M., Meletis, K., Siegle, J.H., Cardin, J.A., Futai, K., Vierling-Claassen,
D., Ruhlmann, C., Jones, S.R., Deisseroth, K., Sheng,M., et al. (2012). A critical
role for NMDA receptors in parvalbumin interneurons for gamma rhythm induc-
tion and behavior. Mol. Psychiatry 17, 537–548.
Chamma, I., Chevy, Q., Poncer, J.C., and Levi, S. (2012). Role of the neuronal
K-Cl co-transporter KCC2 in inhibitory and excitatory neurotransmission.
Front. Cell. Neurosci. 6, 5.
Chao, H.T., Chen, H., Samaco, R.C., Xue, M., Chahrour, M., Yoo, J., Neul, J.L.,
Gong, S., Lu, H.C., Heintz, N., et al. (2010). Dysfunction in GABA signalling
mediates autism-like stereotypies and Rett syndrome phenotypes. Nature
468, 263–269.
Chattopadhyaya, B., Di Cristo, G., Higashiyama, H., Knott, G.W., Kuhlman,
S.J., Welker, E., and Huang, Z.J. (2004). Experience and activity-dependent
maturation of perisomatic GABAergic innervation in primary visual cortex
during a postnatal critical period. J. Neurosci. 24, 9598–9611.
Chen, W.G., Chang, Q., Lin, Y., Meissner, A., West, A.E., Griffith, E.C.,
Jaenisch, R., and Greenberg, M.E. (2003). Derepression of BDNF transcription
involves calcium-dependent phosphorylation of MeCP2. Science 302,
885–889.
Chih, B., Engelman, H., and Scheiffele, P. (2005). Control of excitatory and
inhibitory synapse formation by neuroligins. Science 307, 1324–1328.
Clayton-Smith, J., and Laan, L. (2003). Angelman syndrome: a review of the
clinical and genetic aspects. J. Med. Genet. 40, 87–95.
Cohen, A.S., Lin, D.D., and Coulter, D.A. (2000). Protracted postnatal develop-
ment of inhibitory synaptic transmission in rat hippocampal area CA1 neurons.
J. Neurophysiol. 84, 2465–2476.
Conti, F., Minelli, A., andMelone, M. (2004). GABA transporters in themamma-
lian cerebral cortex: localization, development and pathological implications.
Brain Res. Brain Res. Rev. 45, 196–212.
Coyle, J.T., and Enna, S.J. (1976). Neurochemical aspects of the ontogenesis
of GABAnergic neurons in the rat brain. Brain Res. 111, 119–133.
Coyle, J.T., and Tsai, G. (2004). NMDA receptor function, neuroplasticity, and
the pathophysiology of schizophrenia. Int. Rev. Neurobiol. 59, 491–515.
Curia, G., Papouin, T., Seguela, P., and Avoli, M. (2009). Downregulation of
tonic GABAergic inhibition in a mouse model of fragile X syndrome. Cereb.
Cortex 19, 1515–1520.400 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.D’Hulst, C., De Geest, N., Reeve, S.P., Van Dam, D., De Deyn, P.P., Hassan,
B.A., and Kooy, R.F. (2006). Decreased expression of the GABAA receptor
in fragile X syndrome. Brain Res. 1121, 238–245.
Daw, M.I., Ashby, M.C., and Isaac, J.T. (2007). Coordinated developmental
recruitment of latent fast spiking interneurons in layer IV barrel cortex. Nat.
Neurosci. 10, 453–461.
De Marco Garcia, N.V., Karayannis, T., and Fishell, G. (2011). Neuronal activity
is required for the development of specific cortical interneuron subtypes.
Nature 472, 351–355.
Del Rio, J.A., Soriano, E., and Ferrer, I. (1992). Development of GABA-immu-
noreactivity in the neocortex of the mouse. J. Comp. Neurol. 326, 501–526.
DeLorey, T.M., Handforth, A., Anagnostaras, S.G., Homanics, G.E., Minassian,
B.A., Asatourian, A., Fanselow, M.S., Delgado-Escueta, A., Ellison, G.D., and
Olsen, R.W. (1998). Mice lacking the beta3 subunit of the GABAA receptor
have the epilepsy phenotype and many of the behavioral characteristics of
Angelman syndrome. J. Neurosci. 18, 8505–8514.
Di Cristo, G., Wu, C., Chattopadhyaya, B., Ango, F., Knott, G., Welker, E.,
Svoboda, K., and Huang, Z.J. (2004). Subcellular domain-restricted
GABAergic innervation in primary visual cortex in the absence of sensory
and thalamic inputs. Nat. Neurosci. 7, 1184–1186.
Doischer, D., Hosp, J.A., Yanagawa, Y., Obata, K., Jonas, P., Vida, I., and
Bartos, M. (2008). Postnatal differentiation of basket cells from slow to fast
signaling devices. J. Neurosci. 28, 12956–12968.
Dolen, G., Osterweil, E., Rao, B.S., Smith, G.B., Auerbach, B.D., Chattarji, S.,
and Bear, M.F. (2007). Correction of fragile X syndrome in mice. Neuron 56,
955–962.
Dunning, D.D., Hoover, C.L., Soltesz, I., Smith, M.A., and O’Dowd, D.K. (1999).
GABA(A) receptor-mediated miniature postsynaptic currents and alpha-
subunit expression in developing cortical neurons. J. Neurophysiol. 82,
3286–3297.
Eastwood, S.L., and Harrison, P.J. (2003). Interstitial white matter neurons
express less reelin and are abnormally distributed in schizophrenia: towards
an integration ofmolecular andmorphologic aspects of the neurodevelopmen-
tal hypothesis. Mol. Psychiatry 8, 821–831.
Eggermann, E., and Jonas, P. (2011). How the ‘slow’ Ca(2+) buffer parvalbu-
min affects transmitter release in nanodomain-coupling regimes. Nat. Neuro-
sci. 15, 20–22.
Ehninger, D., Li, W., Fox, K., Stryker, M.P., and Silva, A.J. (2008). Reversing
neurodevelopmental disorders in adults. Neuron 60, 950–960.
El Idrissi, A., Ding, X.H., Scalia, J., Trenkner, E., Brown, W.T., and Dobkin, C.
(2005). Decreased GABA(A) receptor expression in the seizure-prone fragile X
mouse. Neurosci. Lett. 377, 141–146.
Elias, L.A., Turmaine, M., Parnavelas, J.G., and Kriegstein, A.R. (2010).
Connexin 43 mediates the tangential to radial migratory switch in ventrally
derived cortical interneurons. J. Neurosci. 30, 7072–7077.
Fagiolini, M., and Hensch, T.K. (2000). Inhibitory threshold for critical-period
activation in primary visual cortex. Nature 404, 183–186.
Fagiolini, M., Fritschy, J.M., Low, K., Mohler, H., Rudolph, U., andHensch, T.K.
(2004). Specific GABAA circuits for visual cortical plasticity. Science 303,
1681–1683.
Fatemi, S.H., Halt, A.R., Stary, J.M., Kanodia, R., Schulz, S.C., and Realmuto,
G.R. (2002). Glutamic acid decarboxylase 65 and 67 kDa proteins are reduced
in autistic parietal and cerebellar cortices. Biol. Psychiatry 52, 805–810.
Fatemi, S.H., Reutiman, T.J., Folsom, T.D., Rooney, R.J., Patel, D.H., and
Thuras, P.D. (2010). mRNA and protein levels for GABAAalpha4, alpha5,
beta1 and GABABR1 receptors are altered in brains from subjects with autism.
J. Autism Dev. Disord. 40, 743–750.
Fazzari, P., Paternain, A.V., Valiente, M., Pla, R., Lujan, R., Lloyd, K., Lerma, J.,
Marin, O., and Rico, B. (2010). Control of cortical GABA circuitry development
by Nrg1 and ErbB4 signalling. Nature 464, 1376–1380.
Neuron
ReviewFernando, R.N., Eleuteri, B., Abdelhady, S., Nussenzweig, A., Andang, M., and
Ernfors, P. (2011). Cell cycle restriction by histone H2AX limits proliferation of
adult neural stem cells. Proc. Natl. Acad. Sci. USA 108, 5837–5842.
Fishell, G., and Rudy, B. (2011). Mechanisms of inhibition within the telenceph-
alon: ‘‘where the wild things are’’. Annu. Rev. Neurosci. 34, 535–567.
Flames, N., Long, J.E., Garratt, A.N., Fischer, T.M., Gassmann,M., Birchmeier,
C., Lai, C., Rubenstein, J.L., and Marin, O. (2004). Short- and long-range
attraction of cortical GABAergic interneurons by neuregulin-1. Neuron 44,
251–261.
Fritschy, J.M., Meskenaite, V., Weinmann, O., Honer, M., Benke, D., and
Mohler, H. (1999). GABAB-receptor splice variants GB1a and GB1b in rat
brain: developmental regulation, cellular distribution and extrasynaptic locali-
zation. Eur. J. Neurosci. 11, 761–768.
Fuchs, E.C., Zivkovic, A.R., Cunningham, M.O., Middleton, S., Lebeau, F.E.,
Bannerman, D.M., Rozov, A., Whittington, M.A., Traub, R.D., Rawlins, J.N.,
and Monyer, H. (2007). Recruitment of parvalbumin-positive interneurons
determines hippocampal function and associated behavior. Neuron 53,
591–604.
Fyhn, M., Molden, S., Witter, M.P., Moser, E.I., andMoser, M.B. (2004). Spatial
representation in the entorhinal cortex. Science 305, 1258–1264.
Gabbott, P.L., and Stewart, M.G. (1987). Quantitative morphological effects of
dark-rearing and light exposure on the synaptic connectivity of layer 4 in the rat
visual cortex (area 17). Exp. Brain Res. 68, 103–114.
Garaschuk, O., Linn, J., Eilers, J., and Konnerth, A. (2000). Large-scale oscil-
latory calcium waves in the immature cortex. Nat. Neurosci. 3, 452–459.
Garey, L.J., Ong, W.Y., Patel, T.S., Kanani, M., Davis, A., Mortimer, A.M.,
Barnes, T.R., and Hirsch, S.R. (1998). Reduced dendritic spine density on
cerebral cortical pyramidal neurons in schizophrenia. J. Neurol. Neurosurg.
Psychiatry 65, 446–453.
Geiger, J.R., Melcher, T., Koh, D.S., Sakmann, B., Seeburg, P.H., Jonas, P.,
and Monyer, H. (1995). Relative abundance of subunit mRNAs determines
gating and Ca2+ permeability of AMPA receptors in principal neurons and
interneurons in rat CNS. Neuron 15, 193–204.
Gierdalski, M., Jablonska, B., Siucinska, E., Lech, M., Skibinska, A., and
Kossut, M. (2001). Rapid regulation of GAD67 mRNA and protein level in
cortical neurons after sensory learning. Cereb. Cortex 11, 806–815.
Gillberg, C., and Billstedt, E. (2000). Autism and Asperger syndrome: coexis-
tence with other clinical disorders. Acta Psychiatr. Scand. 102, 321–330.
Glantz, L.A., and Lewis, D.A. (2000). Decreased dendritic spine density on
prefrontal cortical pyramidal neurons in schizophrenia. Arch. Gen. Psychiatry
57, 65–73.
Glausier, J.R., and Lewis, D.A. (2011). Selective pyramidal cell reduction of
GABA(A) receptor alpha1 subunit messenger RNA expression in schizo-
phrenia. Neuropsychopharmacology 36, 2103–2110.
Gogolla, N., Leblanc, J.J., Quast, K.B., Sudhof, T.C., Fagiolini, M., and
Hensch, T.K. (2009). Common circuit defect of excitatory-inhibitory balance
in mouse models of autism. J. Neurodev. Disord. 1, 172–181.
Goldberg, E.M., Jeong, H.Y., Kruglikov, I., Tremblay, R., Lazarenko, R.M., and
Rudy, B. (2011). Rapid developmental maturation of neocortical FS cell
intrinsic excitability. Cereb. Cortex 21, 666–682.
Guy, J., Gan, J., Selfridge, J., Cobb, S., and Bird, A. (2007). Reversal of neuro-
logical defects in a mouse model of Rett syndrome. Science 315, 1143–1147.
Hanganu, I.L., Ben-Ari, Y., and Khazipov, R. (2006). Retinal waves trigger
spindle bursts in the neonatal rat visual cortex. J. Neurosci. 26, 6728–6736.
Harauzov, A., Spolidoro, M., DiCristo, G., De Pasquale, R., Cancedda, L.,
Pizzorusso, T., Viegi, A., Berardi, N., and Maffei, L. (2010). Reducing intracort-
ical inhibition in the adult visual cortex promotes ocular dominance plasticity.
J. Neurosci. 30, 361–371.
Hashimoto, T., Volk, D.W., Eggan, S.M., Mirnics, K., Pierri, J.N., Sun, Z.,
Sampson, A.R., and Lewis, D.A. (2003). Gene expression deficits in a subclass
of GABA neurons in the prefrontal cortex of subjects with schizophrenia. J.
Neurosci. 23, 6315–6326.Hashimoto, T., Bergen, S.E., Nguyen, Q.L., Xu, B., Monteggia, L.M., Pierri,
J.N., Sun, Z., Sampson, A.R., and Lewis, D.A. (2005). Relationship of brain-
derived neurotrophic factor and its receptor TrkB to altered inhibitory
prefrontal circuitry in schizophrenia. J. Neurosci. 25, 372–383.
Hendrickson, A., March, D., Richards, G., Erickson, A., and Shaw, C. (1994).
Coincidental appearance of the alpha 1 subunit of the GABA-A receptor and
the type I benzodiazepine receptor near birth in macaque monkey visual
cortex. Int. J. Dev. Neurosci. 12, 299–314.
Hennou, S., Khalilov, I., Diabira, D., Ben-Ari, Y., and Gozlan, H. (2002). Early
sequential formation of functional GABA(A) and glutamatergic synapses on
CA1 interneurons of the rat foetal hippocampus. Eur. J. Neurosci. 16, 197–208.
Hensch, T.K., and Stryker, M.P. (2004). Columnar architecture sculpted by
GABA circuits in developing cat visual cortex. Science 303, 1678–1681.
Hensch, T.K., Fagiolini, M., Mataga, N., Stryker, M.P., Baekkeskov, S., and
Kash, S.F. (1998). Local GABA circuit control of experience-dependent plas-
ticity in developing visual cortex. Science 282, 1504–1508.
Homayoun, H., and Moghaddam, B. (2007). NMDA receptor hypofunction
produces opposite effects on prefrontal cortex interneurons and pyramidal
neurons. J. Neurosci. 27, 11496–11500.
Horike, S., Cai, S., Miyano, M., Cheng, J.F., and Kohwi-Shigematsu, T. (2005).
Loss of silent-chromatin looping and impaired imprinting of DLX5 in Rett
syndrome. Nat. Genet. 37, 31–40.
Huang, Z. (2009). Molecular regulation of neuronal migration during neocortical
development. Mol. Cell. Neurosci. 42, 11–22.
Huang, Z.J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear, M.F.,
Maffei, L., and Tonegawa, S. (1999). BDNF regulates the maturation of
inhibition and the critical period of plasticity in mouse visual cortex. Cell 98,
739–755.
Huang, Z.J., Di Cristo, G., and Ango, F. (2007). Development of GABA innerva-
tion in the cerebral and cerebellar cortices. Nat. Rev. Neurosci. 8, 673–686.
Huang, S., Gu, Y., Quinlan, E.M., and Kirkwood, A. (2010). A refractory period
for rejuvenating GABAergic synaptic transmission and ocular dominance
plasticity with dark exposure. J. Neurosci. 30, 16636–16642.
Hull, C., Isaacson, J.S., and Scanziani, M. (2009). Postsynaptic mechanisms
govern the differential excitation of cortical neurons by thalamic inputs.
J. Neurosci. 29, 9127–9136.
Hutcheon, B., Morley, P., and Poulter, M.O. (2000). Developmental change in
GABAA receptor desensitization kinetics and its role in synapse function in rat
cortical neurons. J. Physiol. 522, 3–17.
Ji, Y., Yang, F., Papaleo, F., Wang, H.X., Gao, W.J., Weinberger, D.R., and Lu,
B. (2009). Role of dysbindin in dopamine receptor trafficking and cortical
GABA function. Proc. Natl. Acad. Sci. USA 106, 19593–19598.
Jiang, B., Huang, S., de Pasquale, R., Millman, D., Song, L., Lee, H.K.,
Tsumoto, T., and Kirkwood, A. (2010). The maturation of GABAergic transmis-
sion in visual cortex requires endocannabinoid-mediated LTD of inhibitory
inputs during a critical period. Neuron 66, 248–259.
Jiao, Y., Zhang, C., Yanagawa, Y., and Sun, Q.Q. (2006). Major effects of
sensory experiences on the neocortical inhibitory circuits. J. Neurosci. 26,
8691–8701.
Joshi, D., Fung, S.J., Rothwell, A., and Weickert, C.S. (2012). Higher gamma-
aminobutyric acid neuron density in the white matter of orbital frontal cortex in
schizophrenia. Biol. Psychiatry 72, 725–733.
Kaupmann, K., Malitschek, B., Schuler, V., Heid, J., Froestl, W., Beck, P.,
Mosbacher, J., Bischoff, S., Kulik, A., Shigemoto, R., et al. (1998). GABA(B)-
receptor subtypes assemble into functional heteromeric complexes. Nature
396, 683–687.
Khazipov, R., Sirota, A., Leinekugel, X., Holmes, G.L., Ben-Ari, Y., and Buzsaki,
G. (2004). Early motor activity drives spindle bursts in the developing somato-
sensory cortex. Nature 432, 758–761.
Kinney, J.W., Davis, C.N., Tabarean, I., Conti, B., Bartfai, T., and Behrens,
M.M. (2006). A specific role for NR2A-containing NMDA receptors in theNeuron 77, February 6, 2013 ª2013 Elsevier Inc. 401
Neuron
Reviewmaintenance of parvalbumin and GAD67 immunoreactivity in cultured inter-
neurons. J. Neurosci. 26, 1604–1615.
Klausberger, T., and Somogyi, P. (2008). Neuronal diversity and temporal
dynamics: the unity of hippocampal circuit operations. Science 321, 53–57.
Klausberger, T., Roberts, J.D., and Somogyi, P. (2002). Cell type- and input-
specific differences in the number and subtypes of synaptic GABA(A) recep-
tors in the hippocampus. J. Neurosci. 22, 2513–2521.
Konig, N., Roch, G., and Marty, R. (1975). The onset of synaptogenesis in rat
temporal cortex. Anat. Embryol. (Berl.) 148, 73–87.
Korotkova, T., Fuchs, E.C., Ponomarenko, A., von Engelhardt, J., and Monyer,
H. (2010). NMDA receptor ablation on parvalbumin-positive interneurons
impairs hippocampal synchrony, spatial representations, and working
memory. Neuron 68, 557–569.
Krueger, D.D., and Bear, M.F. (2011). Toward fulfilling the promise of molecular
medicine in fragile X syndrome. Annu. Rev. Med. 62, 411–429.
Kulik, A., Vida, I., Lujan, R., Haas, C.A., Lopez-Bendito, G., Shigemoto, R., and
Frotscher, M. (2003). Subcellular localization of metabotropic GABA(B)
receptor subunits GABA(B1a/b) and GABA(B2) in the rat hippocampus. J.
Neurosci. 23, 11026–11035.
Kullmann, D.M., and Lamsa, K. (2008). Roles of distinct glutamate receptors in
induction of anti-Hebbian long-term potentiation. J. Physiol. 586, 1481–1486.
Kumar, R.A., and Christian, S.L. (2009). Genetics of autism spectrum
disorders. Curr. Neurol. Neurosci. Rep. 9, 188–197.
Lahtinen, H., Palva, J.M., Sumanen, S., Voipio, J., Kaila, K., and Taira, T.
(2002). Postnatal development of rat hippocampal gamma rhythm in vivo. J.
Neurophysiol. 88, 1469–1474.
Langston, R.F., Ainge, J.A., Couey, J.J., Canto, C.B., Bjerknes, T.L., Witter,
M.P., Moser, E.I., and Moser, M.B. (2010). Development of the spatial repre-
sentation system in the rat. Science 328, 1576–1580.
Laurie, D.J., Wisden, W., and Seeburg, P.H. (1992). The distribution of thirteen
GABAA receptor subunit mRNAs in the rat brain. III. Embryonic and postnatal
development. J. Neurosci. 12, 4151–4172.
Lazarus, M.S., and Huang, Z.J. (2011). Distinct maturation profiles of periso-
matic and dendritic targeting GABAergic interneurons in the mouse primary
visual cortex during the critical period of ocular dominance plasticity. J. Neuro-
physiol. 106, 775–787.
LeMagueresse, C., Alfonso, J., Khodosevich, K., ArroyoMartin, A.A., Bark, C.,
and Monyer, H. (2011). ‘‘Small axonless neurons’’: postnatally generated
neocortical interneurons with delayed functional maturation. J. Neurosci. 31,
16731–16747.
LeBlanc, J.J., and Fagiolini, M. (2011). Autism: a ‘‘critical period’’ disorder?
Neural Plast. 2011, 921680.
Lee, K.H., Williams, L.M., Haig, A., and Gordon, E. (2003). ‘‘Gamma (40 Hz)
phase synchronicity’’ and symptom dimensions in schizophrenia. Cogn.
Neuropsychiatry 8, 57–71.
Lewis, D.A., Curley, A.A., Glausier, J.R., and Volk, D.W. (2012). Cortical parval-
bumin interneurons and cognitive dysfunction in schizophrenia. Trends Neuro-
sci. 35, 57–67.
Liang, F., Isackson, P.J., and Jones, E.G. (1996). Stimulus-dependent, recip-
rocal up- and downregulation of glutamic acid decarboxylase and Ca2+/
calmodulin-dependent protein kinase II gene expression in rat cerebral cortex.
Exp. Brain Res. 110, 163–174.
Ling, D.S., and Benardo, L.S. (1995). Recruitment of GABAA inhibition in rat
neocortex is limited and not NMDA dependent. J. Neurophysiol. 74, 2329–
2335.
Liu, X., Novosedlik, N., Wang, A., Hudson, M.L., Cohen, I.L., Chudley, A.E.,
Forster-Gibson, C.J., Lewis, S.M., and Holden, J.J. (2009). The DLX1and
DLX2 genes and susceptibility to autism spectrum disorders. Eur. J. Hum.
Genet. 17, 228–235.
Lopez-Bendito, G., Shigemoto, R., Kulik, A., Paulsen, O., Fairen, A., and Lujan,
R. (2002). Expression and distribution of metabotropic GABA receptor402 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.subtypes GABABR1 and GABABR2 during rat neocortical development. Eur.
J. Neurosci. 15, 1766–1778.
Lopez-Bendito, G., Lujan, R., Shigemoto, R., Ganter, P., Paulsen, O., and
Molnar, Z. (2003). Blockade of GABA(B) receptors alters the tangential migra-
tion of cortical neurons. Cereb. Cortex 13, 932–942.
LoTurco, J.J., Owens, D.F., Heath, M.J., Davis, M.B., and Kriegstein, A.R.
(1995). GABA and glutamate depolarize cortical progenitor cells and inhibit
DNA synthesis. Neuron 15, 1287–1298.
Luhmann, H.J., and Prince, D.A. (1991). Postnatal maturation of the
GABAergic system in rat neocortex. J. Neurophysiol. 65, 247–263.
Maffei, A., and Turrigiano, G. (2008). The age of plasticity: developmental regu-
lation of synaptic plasticity in neocortical microcircuits. Prog. Brain Res. 169,
211–223.
Maffei, A., Nelson, S.B., and Turrigiano, G.G. (2004). Selective reconfiguration
of layer 4 visual cortical circuitry by visual deprivation. Nat. Neurosci. 7, 1353–
1359.
Maffei, A., Nataraj, K., Nelson, S.B., and Turrigiano, G.G. (2006). Potentiation
of cortical inhibition by visual deprivation. Nature 443, 81–84.
Magavi, S.S., and Lois, C. (2008). Transplanted neurons form both normal and
ectopic projections in the adult brain. Dev. Neurobiol. 68, 1527–1537.
Manent, J.B., Demarque, M., Jorquera, I., Pellegrino, C., Ben-Ari, Y.,
Aniksztejn, L., and Represa, A. (2005). A noncanonical release of GABA and
glutamate modulates neuronal migration. J. Neurosci. 25, 4755–4765.
Manent, J.B., Jorquera, I., Ben-Ari, Y., Aniksztejn, L., and Represa, A. (2006).
Glutamate acting on AMPA but not NMDA receptors modulates the migration
of hippocampal interneurons. J. Neurosci. 26, 5901–5909.
Marin, O., and Rubenstein, J.L. (2003). Cell migration in the forebrain. Annu.
Rev. Neurosci. 26, 441–483.
Martinowich, K., Hattori, D., Wu, H., Fouse, S., He, F., Hu, Y., Fan, G., and Sun,
Y.E. (2003). DNA methylation-related chromatin remodeling in activity-depen-
dent BDNF gene regulation. Science 302, 890–893.
Mataga, N., Mizuguchi, Y., and Hensch, T.K. (2004). Experience-dependent
pruning of dendritic spines in visual cortex by tissue plasminogen activator.
Neuron 44, 1031–1041.
Maya Vetencourt, J.F., Sale, A., Viegi, A., Baroncelli, L., De Pasquale, R.,
O’Leary, O.F., Castren, E., and Maffei, L. (2008). The antidepressant fluoxetine
restores plasticity in the adult visual cortex. Science 320, 385–388.
Menold, M.M., Shao, Y., Wolpert, C.M., Donnelly, S.L., Raiford, K.L., Martin,
E.R., Ravan, S.A., Abramson, R.K., Wright, H.H., Delong, G.R., et al. (2001).
Association analysis of chromosome 15 gabaa receptor subunit genes in
autistic disorder. J. Neurogenet. 15, 245–259.
Metin, C., Denizot, J.P., and Ropert, N. (2000). Intermediate zone cells express
calcium-permeable AMPA receptors and establish close contact with growing
axons. J. Neurosci. 20, 696–708.
Meyer, A.H., Katona, I., Blatow, M., Rozov, A., and Monyer, H. (2002). In vivo
labeling of parvalbumin-positive interneurons and analysis of electrical
coupling in identified neurons. J. Neurosci. 22, 7055–7064.
Micheva, K.D., and Beaulieu, C. (1996). Quantitative aspects of synaptogene-
sis in the rat barrel field cortex with special reference to GABA circuitry. J.
Comp. Neurol. 373, 340–354.
Minassian, B.A., DeLorey, T.M., Olsen, R.W., Philippart, M., Bronstein, Y.,
Zhang, Q., Guerrini, R., Van Ness, P., Livet, M.O., and Delgado-Escueta,
A.V. (1998). Angelman syndrome: correlations between epilepsy phenotypes
and genotypes. Ann. Neurol. 43, 485–493.
Minelli, A., Alonso-Nanclares, L., Edwards, R.H., DeFelipe, J., and Conti, F.
(2003). Postnatal development of the vesicular GABA transporter in rat
cerebral cortex. Neuroscience 117, 337–346.
Minlebaev, M., Colonnese, M., Tsintsadze, T., Sirota, A., and Khazipov, R.
(2011). Early gamma oscillations synchronize developing thalamus and cortex.
Science 334, 226–229.
Neuron
ReviewMirnics, K., Middleton, F.A., Marquez, A., Lewis, D.A., and Levitt, P. (2000).
Molecular characterization of schizophrenia viewed by microarray analysis
of gene expression in prefrontal cortex. Neuron 28, 53–67.
Mitsuhashi, T., and Takahashi, T. (2009). Genetic regulation of proliferation/
differentiation characteristics of neural progenitor cells in the developing
neocortex. Brain Dev. 31, 553–557.
Miyoshi, G., and Fishell, G. (2011). GABAergic interneuron lineages selectively
sort into specific cortical layers during early postnatal development. Cereb.
Cortex 21, 845–852.
Miyoshi, G., Butt, S.J., Takebayashi, H., and Fishell, G. (2007). Physiologically
distinct temporal cohorts of cortical interneurons arise from telencephalic
Olig2-expressing precursors. J. Neurosci. 27, 7786–7798.
Miyoshi, G., Hjerling-Leffler, J., Karayannis, T., Sousa, V.H., Butt, S.J., Bat-
tiste, J., Johnson, J.E., Machold, R.P., and Fishell, G. (2010). Genetic fate
mapping reveals that the caudal ganglionic eminence produces a large and
diverse population of superficial cortical interneurons. J. Neurosci. 30, 1582–
1594.
Mohajerani, M.H., Sivakumaran, S., Zacchi, P., Aguilera, P., and Cherubini, E.
(2007). Correlated network activity enhances synaptic efficacy via BDNF and
the ERK pathway at immature CA3 CA1 connections in the hippocampus.
Proc. Natl. Acad. Sci. USA 104, 13176–13181.
Mohn, A.R., Gainetdinov, R.R., Caron, M.G., and Koller, B.H. (1999). Mice with
reduced NMDA receptor expression display behaviors related to schizo-
phrenia. Cell 98, 427–436.
Morales, B., Choi, S.Y., and Kirkwood, A. (2002). Dark rearing alters the devel-
opment of GABAergic transmission in visual cortex. J. Neurosci. 22, 8084–
8090.
Muller, M., Felmy, F., Schwaller, B., and Schneggenburger, R. (2007). Parval-
bumin is a mobile presynaptic Ca2+ buffer in the calyx of held that accelerates
the decay of Ca2+ and short-term facilitation. J. Neurosci. 27, 2261–2271.
Numakawa, T., Yagasaki, Y., Ishimoto, T., Okada, T., Suzuki, T., Iwata, N.,
Ozaki, N., Taguchi, T., Tatsumi, M., Kamijima, K., et al. (2004). Evidence of
novel neuronal functions of dysbindin, a susceptibility gene for schizophrenia.
Hum. Mol. Genet. 13, 2699–2708.
Nusser, Z., Sieghart, W., Benke, D., Fritschy, J.M., and Somogyi, P. (1996).
Differential synaptic localization of two major gamma-aminobutyric acid type
A receptor alpha subunits on hippocampal pyramidal cells. Proc. Natl. Acad.
Sci. USA 93, 11939–11944.
O’Keefe, J., and Dostrovsky, J. (1971). The hippocampus as a spatial map.
Preliminary evidence from unit activity in the freely-moving rat. Brain Res.
34, 171–175.
Oblak, A.L., Gibbs, T.T., and Blatt, G.J. (2011). ReducedGABAA receptors and
benzodiazepine binding sites in the posterior cingulate cortex and fusiform
gyrus in autism. Brain Res. 1380, 218–228.
Okaty, B.W., Miller, M.N., Sugino, K., Hempel, C.M., and Nelson, S.B. (2009).
Transcriptional and electrophysiological maturation of neocortical fast-spiking
GABAergic interneurons. J. Neurosci. 29, 7040–7052.
Oray, S., Majewska, A., and Sur, M. (2004). Dendritic spine dynamics are
regulated by monocular deprivation and extracellular matrix degradation.
Neuron 44, 1021–1030.
Owens, D.F., Boyce, L.H., Davis, M.B., and Kriegstein, A.R. (1996). Excitatory
GABA responses in embryonic and neonatal cortical slices demonstrated by
gramicidin perforated-patch recordings and calcium imaging. J. Neurosci.
16, 6414–6423.
Pangratz-Fuehrer, S., and Hestrin, S. (2011). Synaptogenesis of electrical
and GABAergic synapses of fast-spiking inhibitory neurons in the neocortex.
J. Neurosci. 31, 10767–10775.
Parnavelas, J.G., Bradford, R., Mounty, E.J., and Lieberman, A.R. (1978). The
development of non-pyramidal neurons in the visual cortex of the rat. Anat.
Embryol. (Berl.) 155, 1–14.
Patz, S., Wirth, M.J., Gorba, T., Klostermann, O., and Wahle, P. (2003).
Neuronal activity and neurotrophic factors regulate GAD-65/67 mRNA andprotein expression in organotypic cultures of rat visual cortex. Eur. J. Neurosci.
18, 1–12.
Picardo, M.A., Guigue, P., Bonifazi, P., Batista-Brito, R., Allene, C., Ribas, A.,
Fishell, G., Baude, A., and Cossart, R. (2011). Pioneer GABA cells comprise
a subpopulation of hub neurons in the developing hippocampus. Neuron 71,
695–709.
Pierri, J.N., Chaudry, A.S., Woo, T.U., and Lewis, D.A. (1999). Alterations in
chandelier neuron axon terminals in the prefrontal cortex of schizophrenic
subjects. Am. J. Psychiatry 156, 1709–1719.
Pilowsky, L.S., Bressan, R.A., Stone, J.M., Erlandsson, K., Mulligan, R.S.,
Krystal, J.H., and Ell, P.J. (2006). First in vivo evidence of an NMDA receptor
deficit in medication-free schizophrenic patients. Mol. Psychiatry 11, 118–119.
Pinto, J.G., Hornby, K.R., Jones, D.G., and Murphy, K.M. (2010). Develop-
mental changes in GABAergic mechanisms in human visual cortex across
the lifespan. Front. Cell. Neurosci. 4, 16.
Pizzorusso, T., Medini, P., Berardi, N., Chierzi, S., Fawcett, J.W., andMaffei, L.
(2002). Reactivation of ocular dominance plasticity in the adult visual cortex.
Science 298, 1248–1251.
Pouille, F., Marin-Burgin, A., Adesnik, H., Atallah, B.V., and Scanziani, M.
(2009). Input normalization by global feedforward inhibition expands cortical
dynamic range. Nat. Neurosci. 12, 1577–1585.
Powell, E.M., Campbell, D.B., Stanwood, G.D., Davis, C., Noebels, J.L., and
Levitt, P. (2003). Genetic disruption of cortical interneuron development
causes region- and GABA cell type-specific deficits, epilepsy, and behavioral
dysfunction. J. Neurosci. 23, 622–631.
Reiter, H.O., and Stryker, M.P. (1988). Neural plasticity without postsynaptic
action potentials: less-active inputs become dominant when kitten visual
cortical cells are pharmacologically inhibited. Proc. Natl. Acad. Sci. USA 85,
3623–3627.
Rivera, C., Voipio, J., Payne, J.A., Ruusuvuori, E., Lahtinen, H., Lamsa, K.,
Pirvola, U., Saarma, M., and Kaila, K. (1999). The K+/Cl co-transporter
KCC2 renders GABA hyperpolarizing during neuronal maturation. Nature
397, 251–255.
Rotaru, D.C., Yoshino, H., Lewis, D.A., Ermentrout, G.B., and Gonzalez-
Burgos, G. (2011). Glutamate receptor subtypes mediating synaptic activation
of prefrontal cortex neurons: relevance for schizophrenia. J. Neurosci. 31,
142–156.
Rotaru, D.C., Lewis, D.A., and Gonzalez-Burgos, G. (2012). The role of
glutamatergic inputs onto parvalbumin-positive interneurons: relevance for
schizophrenia. Rev. Neurosci. 23, 97–109.
Rozov, A., and Burnashev, N. (1999). Polyamine-dependent facilitation of
postsynaptic AMPA receptors counteracts paired-pulse depression. Nature
401, 594–598.
Rutherford, L.C., DeWan, A., Lauer, H.M., and Turrigiano, G.G. (1997). Brain-
derived neurotrophic factor mediates the activity-dependent regulation of inhi-
bition in neocortical cultures. J. Neurosci. 17, 4527–4535.
Sale, A., Maya Vetencourt, J.F., Medini, P., Cenni, M.C., Baroncelli, L.,
De Pasquale, R., andMaffei, L. (2007). Environmental enrichment in adulthood
promotes amblyopia recovery through a reduction of intracortical inhibition.
Nat. Neurosci. 10, 679–681.
Samaco, R.C., Hogart, A., and LaSalle, J.M. (2005). Epigenetic overlap in
autism-spectrum neurodevelopmental disorders: MECP2 deficiency causes
reduced expression of UBE3A and GABRB3. Hum. Mol. Genet. 14, 483–492.
Sarihi, A., Jiang, B., Komaki, A., Sohya, K., Yanagawa, Y., and Tsumoto, T.
(2008). Metabotropic glutamate receptor type 5-dependent long-term poten-
tiation of excitatory synapses on fast-spiking GABAergic neurons in mouse
visual cortex. J. Neurosci. 28, 1224–1235.
Sato, M., and Stryker, M.P. (2010). Genomic imprinting of experience-depen-
dent cortical plasticity by the ubiquitin ligase gene Ube3a. Proc. Natl. Acad.
Sci. USA 107, 5611–5616.
Selby, L., Zhang, C., and Sun, Q.Q. (2007). Major defects in neocortical
GABAergic inhibitory circuits in mice lacking the fragile X mental retardation
protein. Neurosci. Lett. 412, 227–232.Neuron 77, February 6, 2013 ª2013 Elsevier Inc. 403
Neuron
ReviewSiapas, A.G., Lubenov, E.V., andWilson, M.A. (2005). Prefrontal phase locking
to hippocampal theta oscillations. Neuron 46, 141–151.
Sirota, A., Montgomery, S., Fujisawa, S., Isomura, Y., Zugaro, M., and Buzsaki,
G. (2008). Entrainment of neocortical neurons and gamma oscillations by the
hippocampal theta rhythm. Neuron 60, 683–697.
Soghomonian, J.J., and Martin, D.L. (1998). Two isoforms of glutamate
decarboxylase: why? Trends Pharmacol. Sci. 19, 500–505.
Sohal, V.S., Zhang, F., Yizhar, O., and Deisseroth, K. (2009). Parvalbumin
neurons and gamma rhythms enhance cortical circuit performance. Nature
459, 698–702.
Soria, J.M., and Valdeolmillos, M. (2002). Receptor-activated calcium signals
in tangentially migrating cortical cells. Cereb. Cortex 12, 831–839.
Southwell, D.G., Froemke, R.C., Alvarez-Buylla, A., Stryker, M.P., and Gandhi,
S.P. (2010). Cortical plasticity induced by inhibitory neuron transplantation.
Science 327, 1145–1148.
Southwell, D.G., Paredes, M.F., Galvao, R.P., Jones, D.L., Froemke, R.C.,
Sebe, J.Y., Alfaro-Cervello, C., Tang, Y., Garcia-Verdugo, J.M., Rubenstein,
J.L., et al. (2012). Intrinsically determined cell death of developing cortical
interneurons. Nature 491, 109–113.
Spencer, K.M. (2012). Baseline gamma power during auditory steady-state
stimulation in schizophrenia. Front. Hum. Neurosci. 5, 190.
Spencer, K.M., Niznikiewicz, M.A., Nestor, P.G., Shenton, M.E., and
McCarley, R.W. (2009). Left auditory cortex gamma synchronization and
auditory hallucination symptoms in schizophrenia. BMC Neurosci. 10, 85.
Stefansson, H., Sigurdsson, E., Steinthorsdottir, V., Bjornsdottir, S., Sig-
mundsson, T., Ghosh, S., Brynjolfsson, J., Gunnarsdottir, S., Ivarsson, O.,
Chou, T.T., et al. (2002). Neuregulin 1 and susceptibility to schizophrenia.
Am. J. Hum. Genet. 71, 877–892.
Stefansson, H., Sarginson, J., Kong, A., Yates, P., Steinthorsdottir, V.,
Gudfinnsson, E., Gunnarsdottir, S., Walker, N., Petursson, H., Crombie, C.,
et al. (2003). Association of neuregulin 1 with schizophrenia confirmed in
a Scottish population. Am. J. Hum. Genet. 72, 83–87.
Steinecke, A., Gampe, C., Valkova, C., Kaether, C., and Bolz, J. (2012).
Disrupted-in-Schizophrenia 1 (Dros. Inf. Serv.C1) is necessary for the correct
migration of cortical interneurons. J. Neurosci. 32, 738–745.
Straub, R.E., Jiang, Y., MacLean, C.J., Ma, Y., Webb, B.T., Myakishev, M.V.,
Harris-Kerr, C., Wormley, B., Sadek, H., Kadambi, B., et al. (2002). Genetic
variation in the 6p22.3 gene DTNBP1, the human ortholog of the mouse
dysbindin gene, is associated with schizophrenia. Am. J. Hum. Genet. 71,
337–348.
Sugiyama, S., Di Nardo, A.A., Aizawa, S., Matsuo, I., Volovitch, M., Prochiantz,
A., and Hensch, T.K. (2008). Experience-dependent transfer of Otx2 homeo-
protein into the visual cortex activates postnatal plasticity. Cell 134, 508–520.
Tabuchi, K., Blundell, J., Etherton, M.R., Hammer, R.E., Liu, X., Powell, C.M.,
and Sudhof, T.C. (2007). A neuroligin-3 mutation implicated in autism
increases inhibitory synaptic transmission in mice. Science 318, 71–76.
Talbot, K., Eidem, W.L., Tinsley, C.L., Benson, M.A., Thompson, E.W., Smith,
R.J., Hahn, C.G., Siegel, S.J., Trojanowski, J.Q., Gur, R.E., et al. (2004). Dys-
bindin-1 is reduced in intrinsic, glutamatergic terminals of the hippocampal
formation in schizophrenia. J. Clin. Invest. 113, 1353–1363.
Talbot, K., Cho, D.S., Ong, W.Y., Benson, M.A., Han, L.Y., Kazi, H.A., Kamins,
J., Hahn, C.G., Blake, D.J., and Arnold, S.E. (2006). Dysbindin-1 is a synaptic
and microtubular protein that binds brain snapin. Hum. Mol. Genet. 15, 3041–
3054.
Traub, R.D., Whittington, M.A., Colling, S.B., Buzsaki, G., and Jefferys, J.G.
(1996). Analysis of gamma rhythms in the rat hippocampus in vitro and in vivo.
J. Physiol. 493, 471–484.
Tropea, D., Giacometti, E., Wilson, N.R., Beard, C., McCurry, C., Fu, D.D.,
Flannery, R., Jaenisch, R., and Sur, M. (2009). Partial reversal of Rett
Syndrome-like symptoms in MeCP2 mutant mice. Proc. Natl. Acad. Sci.
USA 106, 2029–2034.404 Neuron 77, February 6, 2013 ª2013 Elsevier Inc.Tyzio, R., Represa, A., Jorquera, I., Ben-Ari, Y., Gozlan, H., and Aniksztejn, L.
(1999). The establishment of GABAergic and glutamatergic synapses on CA1
pyramidal neurons is sequential and correlates with the development of the
apical dendrite. J. Neurosci. 19, 10372–10382.
Uhlhaas, P.J., and Singer, W. (2010). Abnormal neural oscillations and
synchrony in schizophrenia. Nat. Rev. Neurosci. 11, 100–113.
Uhlhaas, P.J., and Singer, W. (2012). Neuronal dynamics and neuropsychiatric
disorders: toward a translational paradigm for dysfunctional large-scale
networks. Neuron 75, 963–980.
Ulrich, D., and Bettler, B. (2007). GABA(B) receptors: synaptic functions and
mechanisms of diversity. Curr. Opin. Neurobiol. 17, 298–303.
Verhage, M., Maia, A.S., Plomp, J.J., Brussaard, A.B., Heeroma, J.H.,
Vermeer, H., Toonen, R.F., Hammer, R.E., van den Berg, T.K., Missler, M.,
et al. (2000). Synaptic assembly of the brain in the absence of neurotransmitter
secretion. Science 287, 864–869.
Volk, D.W., Austin, M.C., Pierri, J.N., Sampson, A.R., and Lewis, D.A. (2000).
Decreased glutamic acid decarboxylase67 messenger RNA expression in
a subset of prefrontal cortical gamma-aminobutyric acid neurons in subjects
with schizophrenia. Arch. Gen. Psychiatry 57, 237–245.
Volk, D.W., Pierri, J.N., Fritschy, J.M., Auh, S., Sampson, A.R., and Lewis, D.A.
(2002). Reciprocal alterations in pre- and postsynaptic inhibitory markers at
chandelier cell inputs to pyramidal neurons in schizophrenia. Cereb. Cortex
12, 1063–1070.
Volman, V., Behrens, M.M., and Sejnowski, T.J. (2011). Downregulation of par-
valbumin at cortical GABA synapses reduces network gamma oscillatory
activity. J. Neurosci. 31, 18137–18148.
Vreugdenhil, M., Jefferys, J.G., Celio, M.R., and Schwaller, B. (2003). Parval-
bumin-deficiency facilitates repetitive IPSCs and gamma oscillations in the
hippocampus. J. Neurophysiol. 89, 1414–1422.
Wallace, M.L., Burette, A.C., Weinberg, R.J., and Philpot, B.D. (2012).
Maternal loss of Ube3a produces an excitatory/inhibitory imbalance through
neuron type-specific synaptic defects. Neuron 74, 793–800.
Wang, H.X., and Gao, W.J. (2009). Cell type-specific development of NMDA
receptors in the interneurons of rat prefrontal cortex. Neuropsychopharmacol-
ogy 34, 2028–2040.
Wang, H.X., and Gao, W.J. (2010). Development of calcium-permeable AMPA
receptors and their correlation with NMDA receptors in fast-spiking interneu-
rons of rat prefrontal cortex. J. Physiol. 588, 2823–2838.
Wang, D.D., and Kriegstein, A.R. (2008). GABA regulates excitatory synapse
formation in the neocortex via NMDA receptor activation. J. Neurosci. 28,
5547–5558.
Wang, D.D., and Kriegstein, A.R. (2011). Blocking early GABA depolarization
with bumetanide results in permanent alterations in cortical circuits and senso-
rimotor gating deficits. Cereb. Cortex 21, 574–587.
Wang, Y., Dye, C.A., Sohal, V., Long, J.E., Estrada, R.C., Roztocil, T., Lufkin,
T., Deisseroth, K., Baraban, S.C., and Rubenstein, J.L. (2010). Dlx5 and Dlx6
regulate the development of parvalbumin-expressing cortical interneurons.
J. Neurosci. 30, 5334–5345.
Weickert, C.S., Hyde, T.M., Lipska, B.K., Herman, M.M., Weinberger, D.R.,
and Kleinman, J.E. (2003). Reduced brain-derived neurotrophic factor
in prefrontal cortex of patients with schizophrenia. Mol. Psychiatry 8,
592–610.
Weickert, C.S., Straub, R.E., McClintock, B.W., Matsumoto, M., Hashi-
moto, R., Hyde, T.M., Herman, M.M., Weinberger, D.R., and Kleinman,
J.E. (2004). Human dysbindin (DTNBP1) gene expression in normal brain
and in schizophrenic prefrontal cortex and midbrain. Arch. Gen. Psychiatry
61, 544–555.
Wiesel, T.N., and Hubel, D.H. (1963). Effects of visual deprivation
on morphology and physiology of cells in the cats lateral geniculate body.
J. Neurophysiol. 26, 978–993.
Williams, N.M., Preece, A., Spurlock, G., Norton, N., Williams, H.J., Zammit,
S., O’Donovan, M.C., and Owen, M.J. (2003). Support for genetic variation
Neuron
Reviewin neuregulin 1 and susceptibility to schizophrenia. Mol. Psychiatry 8,
485–487.
Wills, T.J., Cacucci, F., Burgess, N., and O’Keefe, J. (2010). Development of
the hippocampal cognitive map in preweanling rats. Science 328, 1573–1576.
Wolff, J.R., Bottcher, H., Zetzsche, T., Oertel, W.H., and Chronwall, B.M.
(1984). Development of GABAergic neurons in rat visual cortex as identified
by glutamate decarboxylase-like immunoreactivity. Neurosci. Lett. 47,
207–212.
Wong, P.T., and McGeer, E.G. (1981). Postnatal changes of GABAergic and
glutamatergic parameters. Brain Res. 227, 519–529.
Woo, T.U., Whitehead, R.E., Melchitzky, D.S., and Lewis, D.A. (1998). A
subclass of prefrontal gamma-aminobutyric acid axon terminals are
selectively altered in schizophrenia. Proc. Natl. Acad. Sci. USA 95, 5341–
5346.
Woodruff, A.R., Anderson, S.A., and Yuste, R. (2010). The enigmatic function
of chandelier cells. Front. Neurosci. 4, 201.
Wu, X., Fu, Y., Knott, G., Lu, J., Di Cristo, G., and Huang, Z.J. (2012). GABA
signaling promotes synapse elimination and axon pruning in developing
cortical inhibitory interneurons. J. Neurosci. 32, 331–343.
Yang, J.W., Hanganu-Opatz, I.L., Sun, J.J., and Luhmann, H.J. (2009). Three
patterns of oscillatory activity differentially synchronize developing neocortical
networks in vivo. J. Neurosci. 29, 9011–9025.Yang, J.W., An, S., Sun, J.J., Reyes-Puerta, V., Kindler, J., Berger, T., Kilb, W.,
and Luhmann, H.J. (2012). Thalamic network oscillations synchronize ontoge-
netic columns in the newborn rat barrel cortex. Cereb. Cortex. Published
online May 16, 2012. http://dx.doi.org/10.1093/cercor/bhs103.
Yashiro, K., Riday, T.T., Condon, K.H., Roberts, A.C., Bernardo, D.R., Prakash,
R., Weinberg, R.J., Ehlers, M.D., and Philpot, B.D. (2009). Ube3a is required
for experience-dependent maturation of the neocortex. Nat. Neurosci. 12,
777–783.
Yip, J., Soghomonian, J.J., and Blatt, G.J. (2007). Decreased GAD67 mRNA
levels in cerebellar Purkinje cells in autism: pathophysiological implications.
Acta Neuropathol. 113, 559–568.
Zhang, Z.W. (2004). Maturation of layer V pyramidal neurons in the rat
prefrontal cortex: intrinsic properties and synaptic function. J. Neurophysiol.
91, 1171–1182.
Zhang, Z.J., and Reynolds, G.P. (2002). A selective decrease in the relative
density of parvalbumin-immunoreactive neurons in the hippocampus in
schizophrenia. Schizophr. Res. 55, 1–10.
Zheng, K., An, J.J., Yang, F., Xu, W., Xu, Z.Q., Wu, J., Hokfelt, T.G., Fisahn, A.,
Xu, B., and Lu, B. (2011). TrkB signaling in parvalbumin-positive interneurons is
critical for gamma-band network synchronization in hippocampus. Proc. Natl.
Acad. Sci. USA 108, 17201–17206.Neuron 77, February 6, 2013 ª2013 Elsevier Inc. 405
